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DUAL ENERGY RADATION SCANNING OF 
CONTENTS OF AN OBJECT BASED ON 

CONTENTS TYPE 

FIELD OF THE INVENTION 

Radiation scanning of objects, including large objects such 
as cargo containers, to identify contraband. 

BACKGROUND OF THE INVENTION 

The Smuggling of contraband, such as guns, explosives, 
drugs, as well as weapons of mass destruction, onto planes in 
carry-on bags and in luggage, as well as across borders and by 
boat in large cargo conveyances, such as cargo containers and 
pallets, is an ongoing concern. 

Weapons of mass destruction that may be smuggled in 
cargo conveyances and Smaller objects, include nuclear 
devices, such as atomic bombs and “dirty bombs. which use 
a conventional explosion to disperse radioactive material over 
a wide territory. Radioactive, fissionable, fissile, and fertile 
materials that may be used to manufacture atomic devices, 
may also be Smuggled in Such objects. Fissile materials. Such 
as uranium-235, uranium-233, and plutonium-239, may 
undergo fission by the capture of a slow (thermal) neutron. 
Fissionable materials include fissile materials, and materials 
that may undergo fission by capture of fast neutrons, such as 
uranium-238. Fertile materials may be converted into fissile 
materials by the capture of a slow (thermal) neutron. Ura 
nium-238 and thorium-232, for example, may thereby be 
converted into plutonium-239 and uranium-233, respectively. 
Fissionable, fissile, and fertile material are referred to herein 
as “nuclear material.” 

Radiation is commonly used in the non-invasive inspection 
of contents of objects, such as luggage, bags, briefcases, 
cargo containers, and the like, to identify hidden contraband 
at airports, seaports, and public buildings, for example. For 
example, in a line Scanner, an object to be inspected is passed 
between a stationary source of radiation, Such as X-ray radia 
tion, and a stationary detector. The radiation is collimated into 
a fan beam or a pencil beam. Radiation transmitted through 
the object is attenuated to varying degrees by the contents. 
The attenuation of the radiation is a function of the density of 
the materials through which the radiation beam passes. The 
transmitted radiation is detected and measured. Radiographic 
images of the contents of the object may be generated for 
inspection. The images show the shape, size and varying 
densities of the contents. 
The stationary source of radiation used in a common 

10 
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35 

40 

45 

inspection system is typically a source of X-ray radiation of 50 
about 160 KeV to about 450 KeV. The X-ray source may be a 
Source of Bremsstrahlung radiation, for example. The X-ray 
Source in this energy range may be an X-ray tube. Objects 
may be scanned at more than one energy in the KeV range to 
obtain additional information concerning the material content 
of the object. 

Standard cargo containers are typically 20-50 feet long 
(6.1-15.2 meters), 8 feet high (2.4 meters) and 6-9 feet wide 
(1.8-2.7 meters). Air cargo containers, which are used to 
contain a plurality of pieces of luggage or other cargo to be 
stored in the body of an airplane, may range in size (length, 
height, width) from about 35x21x21 inches (0.89x0.53x0.53 
meters) up to about 240x118x96 inches (6.1x3.0x2.4 
meters). Large collections of objects, such as many pieces of 
luggage, may also be Supported on a pallet. Pallets, which 
may have Supporting side walls, may be of comparable sizes 
as cargo containers and use of the term “cargo conveyance' 
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2 
encompasses cargo containers and pallets. X-ray radiation of 
450 KeV will not completely penetrate large objects such as 
cargo containers. MeV (megavoltage) X-ray Sources are 
required. 

It has been found to be difficult to distinguish nuclear 
devices and nuclear materials from other dense items that 
may be contained within a cargo container by standard X-ray 
scanning. It has been Suggested that additional information 
may be derived about the material composition of the con 
tents of objects by X-ray Scanning at multiple energies in the 
MeV range. For example, two X-ray beams with energy spec 
tra may be provided by X-ray sources with accelerating 
potentials of 6 MV and 9 MV or higher, which generate X-ray 
radiation beams with peak energies of 6 MeV and 9 MeV. 
respectively. For an X-ray beam having a peak energy of 6 
MeV, the X-ray radiation will be attenuated mainly by Comp 
ton scattering. There is not much pair production over most of 
that spectrum. For an X-ray beam having a peak energy of 9 
MeV or higher, more pair production is induced. Compton 
scattering also takes place. A ratio of the transmitted radiation 
detected at two energy endpoints may be indicative of the 
atomic numbers of the material through which the radiation 
beam passes. Although pair production starts at 1.022 MeV. 
Compton scattering predominates until higher peak energies 
are reached. An example of such a process is described in U.S. 
Pat. No. 5,524,133, for example, where a ratio of the mean 
number of X-rays detected at each energy endpoint by the 
detector array as a whole for each slice or by the individual 
detectors of the array is determined and compared to a look up 
table to identify a mean atomic number corresponding to the 
ratio. The material content of the freight is thereby said to be 
determined. 

However, as is known in the art, dual energy techniques 
that seek to determine the effective atomic numbers or iden 
tities of materials, are not effective in the MeV range. (See, for 
example, “Better Imaging: The Key to Better Cargo Inspec 
tion.” Moore, John F., et al., Port Technology International 
2001, 10" ed., Vol. 4, 113-119; and “Processing of interlaced 
images in 4-10 MeV dual energy customs system for material 
recognition.” Ogarodnikov et al., Physical Review Special 
Tropics—Accelerators and Beams, Vol. 5, 104701-1- 
104701-11 (2002) (“Ogarodnikov)). As described in more 
detail in the Background of U.S. Pat. No. 7,257,188 B2, a 
parent of the present application which is incorporated by 
reference herein, multiple measurements of X-ray attenua 
tions through the same material have a statistical distribution 
with a high standard deviation. Therefore, determinations of 
effective atomic numbers and the actual identities of materi 
als under examination by Such measurements, in a reasonable 
period of time for commercial applications, Suffer from high 
false positive rates. Ogarodnikov describes a dual energy 
technique, apparently using a ratio of effective absorption 
coefficients, averaged over a Bremsstrahlung spectrum, to 
generate a color image of a scanned cargo container. Different 
colors indicate that material is in one of up to four material 
groups—organic, organic-inorganic, inorganic, or heavy Sub 
stances, using segmentation techniques. 
The accuracy of a scanning system seeking to identify a 

material. Such as uranium, for example, may be characterized 
by its “sensitivity” and its “specificity'. Sensitivity is the 
probability that the presence of uranium in a cargo convey 
ance will be identified. A system with high sensitivity will 
identify more true positives (correct identification of the pres 
ence of uranium) and fewer false negatives (missed detection 
of uranium) than a system with low sensitivity. However, 
increased sensitivity may result in an increase in the number 
of false positives, which may not be acceptable. Specificity, 
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which is a statistical measure of accuracy, is the probability 
that the Scanning system will properly identify the absence of 
uranium in a cargo conveyance, for example. A system with 
high specificity will identify fewer false positives (identifica 
tion ofuranium in a cargo conveyance when it is not present), 
than a system with low specificity. 

SUMMARY OF THE INVENTION 

Fissionable, fissile, and fertile materials (“nuclear materi 
als') have high atomic numbers (Z). For example, uranium 
has an atomic number (“Z”) of 92 and plutonium has an 
atomic number of 94. Special Nuclear Material (“SNMs”), 
which more readily undergo fission than other fissile materi 
als, are defined by the U.S. Nuclear Regulatory Commission 
to include plutonium, uranium-233, and uranium enriched in 
the isotopes of uranium-233 or -235. Radioactive materials, 
certain of which may have lower atomic numbers than nuclear 
materials (cobalt-60, for example, has an atomic number of 
27), are typically shielded by high atomic number materials, 
such as lead (Z=82), tungsten (Z=74), and palladium (Z=46). 
Iron, which is a main material in a majority of industrial 
goods shipped in cargo conveyances, in contrast, has an 
atomic number of 26. Agricultural goods, which may also be 
shipped in cargo conveyances, have even lower atomic num 
bers. Agricultural goods are predominantly composed of car 
bon (Z=6), nitrogen (Z=7), and water (H2O, H (Z=1); O 
(Z=8)), which have even lower atomic numbers. 

U.S. Pat. No. 7,257,188 B2 (“the 188 patent”), U.S. Patent 
Publication No. 2008/0205594 A1, U.S. Patent Publication 
No. 2007/0210255, and U.S. Pat. No. 7,423,273, which are 
assigned to the assignee of the present invention and applica 
tion and are incorporated by reference herein, describe, in 
part, examination of the contents of objects for the at least 
potential presence of high atomic number materials that may 
be indicative of the presence of nuclear materials. It is noted 
that while the 188 patent will be referred to below, all of these 
patents and applications have Substantially the same disclo 
Sure. The high atomic number materials may be materials 
having atomic numbers greater than a predetermined atomic 
number. The predetermined atomic number may be the 
atomic number of iron or the atomic number of oxygen, for 
example, and may depend on the expected contents of the 
object being examined. The predetermined atomic number 
may be the atomic number of other elements, as well, as 
discussed below. Objects themselves and objects buried 
underground may be examined, as well. 

In one example, the contents of an object are examined by 
scanning the object with two radiation beams having different 
peak energies, detecting the radiation, calculating a function 
of the radiation detected at the two energies, and determining 
whether the object at least potentially comprises a material 
having an atomic number greater than a predetermined 
atomic number based, at least in part, on the function. The 
object may be a cargo conveyance and both energy endpoints 
may be greater than 1 MeV. for example. The energy end 
points may be 9 MeV and 5 MeV. for example. 
The function may be a ratio between the radiation detected 

at the two energy endpoints, for example. Such a ratio is 
referred to herein as a transmission ratio (“TR). Material 
having an atomic number greater than the predetermined 
atomic number is referred to as high atomic number material 
(“HANM). The first function may be compared to a second 
function that is based, at least in part, on the predetermined 
atomic number, to make the determination. The second func 
tion may be a threshold, for example. The threshold may be 
based, at least in part, on a ratio (also a TR) derived from 
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4 
scanning a test material having the predetermined atomic 
number, at the same two energy endpoints, for example. The 
threshold may be further adjusted by a predetermined integral 
or non-integral number of standard deviations. Varying the 
number of standard deviations will affect the sensitivity and 
specificity of the system, typically in opposite directions. For 
example, increasing the number of Standard deviations may 
improve the specificity, decreasing the number of false posi 
tives, but it may also decrease the sensitivity, decreasing the 
detection of true positives. Specificity and sensitivity need to 
be balanced in a particular application. 

Functions may be calculated between radiation detected at 
each energy, for corresponding portions of the object. A pro 
jection of a portion of the radiation beam transmitted through 
a particular portion of the object, onto a Surface, such as a 
detector, is referred to as a “pixel. The corresponding por 
tions may be corresponding pixels. Corresponding pixels 
preferably overlap by at least one-half, but that is not required. 
The projection of the corresponding pixels onto the Surface is 
referred to as “resultant pixels or just pixels. 

Resultant pixels meeting the test criterion are at least 
potentially indicative of an HANM in the associated region of 
the object. To improve the specificity and sensitivity of the 
conclusion that HANM is present, different types of resultant 
pixel groupings may be analyzed, in different ways. For 
example, a grouping may be formed about each Suspect 
resultant pixel (a resultant pixel that meets the test criterion), 
or a plurality of groupings may be formed to encompass all 
pixels in an array. Multiple tests may be conducted. 

Thresholds may be selected based on the material content 
of the cargo conveyance, which is identified in the manifest 
for the cargo conveyance. However, the manifest may be 
mistaken or incomplete. An incorrectly declared manifest 
may cause selection of thresholds that does not reflect the 
contents of the container and are therefore less sensitive and/ 
or less specific than desirable. This may resultina higher false 
alarm rate than desired, or missed detections. Nuisance 
alarms may also be increased if HANM that are not threats but 
are not properly identified on the manifest, are identified by 
the test procedure. In addition, the accumulated attenuation of 
the other material in a cargo conveyance. Such as agricultural 
material, might interfere with the reliable identification of a 
small amount of HANM. 
Embodiments of the present invention help compensate for 

errors in the manifest and the attenuation of background 
material. In accordance with one embodiment of the inven 
tion, a method of examining contents of an object is disclosed 
comprising scanning the object at least one radiation energy 
and detecting the radiation after interaction with the object. 
The method further comprises determining whether the con 
tents of the object comprise organic or inorganic material 
based, at least in part, on the detected radiation and at least 
one preliminary test criterion adapted to differentiate 
between inorganic material and organic material. The method 
further comprises determining whether the object at least 
potentially contains high atomic number material having an 
atomic number greater than a predetermined atomic number 
based, at least in part, on the detected radiation and whether 
the contents comprise organic or inorganic material. At least 
one organic based test criterion or at least one inorganic based 
test criterion may be selected based, at least in part, on the 
determination and it may be determined whether the object at 
least potentially contains high atomic number material hav 
ing an atomic number greater than a predetermined atomic 
number based, at least in part, on the detected radiation and 
the at least one selected test criterion. 
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The at least one preliminary test criterion may comprise at 
least one high sensitivity test criterion representative of 
organic material. Such as plastic or water, for example, or may 
be based, at least in part, on a material having an atomic 
number less than the atomic number of iron and greater than 
the atomic number of oxygen. Determining whether the con 
tents comprise organic or inorganic material may comprise 
detecting radiation at two different energies after interaction 
with a portion of the object and calculating a first function of 
the detected radiation at the two different radiation energies 
for the portion, comparing the first function to the at least one 
preliminary test criterion, and determining whether the con 
tents of the object comprise organic or inorganic material 
based, at least in part, on the first function and the compari 
SO. 

Determining whether the object comprises organic or inor 
ganic material may further comprise calculating a plurality of 
first functions for a respective plurality of portions, compar 
ing respective first functions to the at least one preliminary 
test criterion, grouping the first functions into at least one 
group, calculating at least one second function for each of the 
at least one groups based, at least in part, on the first functions 
in the at least one group meeting the at least one preliminary 
test criterion, and determining whether the object at least 
potentially contains inorganic material or organic material 
based, at least in part, on the at least one second function of the 
at least one group. 
The at least one organic based test criterion and the at least 

one inorganic based test criterion may each comprise test 
criterion sets comprising a plurality of test criterion. For each 
first function, one of the plurality of test criteria may be 
selected based, at least in part, on the radiation detected at 
least one of the radiation energies. Each first function may 
then be compared to the respective selected test criterion. 

Determining whether the object at least potentially com 
prises high atomic number material having an atomic number 
greater than a predetermined atomic number may comprise 
calculating at least one third function of the detected radiation 
at the two different radiation energies for at least a portion of 
the object, comparing the at least one third function to the at 
least one selected test criterion, and determining whether the 
object at least potentially comprises high atomic number 
material based, at least in part, on the comparison. The cal 
culated at least one third function may be the same as the at 
least one calculated first function, in which case, the method 
comprises comparing the calculated at least one first function 
to the selected test criterion. 
A plurality of third functions may be calculated, the plu 

rality of third functions may be grouped into at least one 
second group, at least one fourth function may be calculated 
based, at least in part, on the third functions in the at least one 
group meeting the at least one selected test criterion, and the 
determination of whether the object at least potentially con 
tains high atomic number material may be based, at least in 
part, on the at least one fourth function. The at least one first 
group of first functions and the at least one second group of 
third functions may be the same size. 

In accordance with a related embodiment, a method of 
examining contents of an object is disclosed comprising scan 
ning an object with at least one radiation beam, detecting the 
radiation after interaction with the object, and determining 
whether the object at least potentially contains high atomic 
number material having an atomic number greater than the 
predetermined atomic number based, at least in part, on the 
detected radiation and at least one high sensitivity test crite 
rion of a first type based, at least in part, on a first predeter 
mined atomic number representative of inorganic material, or 
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6 
at least one high sensitivity test criterion of a second type 
based, at least in part, on a second predetermined atomic 
number representative of organic material. The method fur 
ther comprises classifying a type of background material 
proximate the at least potential high atomic number material 
as either inorganic material or organic material based, at least 
in part, on the detected radiation, and, if the type of test 
criterion matches the type of background material, confirm 
ing that the object at least potentially comprises high atomic 
number material. 

If the type of test criterion and the type of the background 
material do not match, the method may further comprise 
normalizing the radiation detected through the at least poten 
tial high atomic number material for the presence of the 
background material, and selecting at least one second test 
criterion of the same type as the at least one first test criterion 
and having greater specificity to high atomic number material 
than the at least one first test criterion. The method further 
comprises confirming that the object at least potentially con 
tains high atomic number material based, at least in part, on 
the normalized detected radiation and the at least one second 
test criterion. 

If the type of test criterion and the type of background 
material do not match, the method may further comprise 
selecting at least one second, high sensitivity test criterion of 
a type matching the type of the background material, and 
confirming that the object at least potentially comprises high 
atomic number material based, at least in part, on the detected 
radiation and the second test criterion. 
The type of background material may be classified based, 

at least in part, on the detected radiation and at least one 
preliminary test criterion adapted to differentiate inorganic 
material from organic material. 
The method in accordance with this embodiment may 

include additional aspects of the method of the first embodi 
ment. 

In accordance with another embodiment of the invention, a 
system for examining contents of an object is disclosed com 
prising at least one radiation source to scan an object at least 
one radiation energy, at least one detector to detect radiation 
after interaction with the object, at the at least one radiation 
energy, and a processor configured to determine whether the 
contents of the object comprise organic or inorganic material, 
and determine whether the object at least potentially contains 
high atomic number material having an atomic number 
greater than a predetermined atomic number based, at least in 
part, on the detected radiation and whether the contents com 
prises organic or inorganic material. The processor may be 
further configured to operate to implement the additional 
aspects of the methods of the first and second embodiments, 
described above, and herein. 
The term “radiation energy” refers to an energy character 

istic of the radiation beam. The characteristic may be the 
energy endpoint or peak energy of the beam, for example. The 
radiation energy may also refer to an average or nominal 
value of the energy of the beam. Other characterizations of the 
energy of the beam may be used, as well. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1a is a graph of measurements of transmitted radia 
tion at 9 MeV and 5 MeV as a function of transmitted radia 
tion at 9 MeV. for a variety of materials; 

FIG. 1b shows a surface plot of ratios of transmitted radia 
tion at 9 MeV to 5 MeV, through a piece of iron adjacent to a 
piece of lead; 
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FIG. 1c shows five curves representative of ratios of simu 
lated measurements of transmitted radiation at 9 MeV and 5 
MeV as a function of transmitted radiation at 9 MeV, through 
identified materials; 

FIG. 2 is a schematic representation of an example of a 
portion of an X-ray image of a cargo conveyance; 

FIG. 3 is an example of an array of values of X-ray radia 
tion of 9 MeV transmitted through a portion of a cargo con 
Veyance, at a plurality of pixels; 

FIG. 4 is an example of an array of values of X-ray radia 
tion of 5 MeV transmitted through the portion of the cargo 
conveyance of FIG. 6, at a plurality of pixels; 

FIG. 5 is an example of an array of transmission ratios 
(“TRs) for a group of resultant pixels based on the X-ray 
radiation measured in FIGS. 3 and 4: 

FIG. 6a is a flow chart of an example of a method for 
adjusting detected radiation through a dense region of an 
image for background; 

FIG. 6b is a flow chart of another example of a method to 
adjust detected radiation through a dense region of an image 
by background; 

FIG. 7 is a bar chart of the minimum number of low TR 
pixels required to achieve a 1 in 10,000 false alarm rate for 
various sizes of examination windows and various standard 
deviations; 

FIG. 8 is a flow chart of an example of an “examination 
window test.” 

FIG. 9 is a flow chart of an example of a method for 
providing an output of an examination to an operator; 

FIG. 10 is a flow chart of an example of a “contiguity test: 
FIG. 11 is an example of an array of TRs for a group of 

pixels representing a portion of a cargo container; 
FIG. 12 is a flow chart of an example of a “matrix test,” in 

accordance with the example of FIG. 11; 
FIG. 13 is a flow chart of an example of a method for 

calculating thresholds; 
FIG. 14a is a flow chart of an example of a method for 

selecting a threshold based on the contents of a cargo convey 
ance, 

FIG. 14b is a flow chart of an example of a method for 
examining contents of an object in accordance with an 
embodiment of the invention; 

FIG.14c is an example of a method for examining contents 
of an object, in accordance with another embodiment of the 
invention; 

FIG. 14d is another example of a method for examining 
contents of an object in accordance with the embodiment of 
FIG. 14c. 

FIG. 15 is a front view of a cargo Scanning system pro 
grammed to implement embodiments of the invention; and 

FIG. 16 is a top view of a portion of a cargo scanning 
system similar to the system of FIG. 15, showing two adjacent 
Sources of X-ray radiation. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

In accordance with embodiments of the invention, test 
criterion, such as thresholds and threshold sets, for use in 
analyzing detected radiation after Scanning of an object, Such 
as a cargo conveyance, are selected based on the type of the 
contents of the object. The radiation may be detected at two 
different energies. The contents of the object may be deter 
mined by radiation scanning the object and analyzing the 
detected radiation with appropriate criterion. Appropriate 
material based criterion can then be used in the dual energy 
tests described in U.S. Pat. No. 7,527,188 B2 (“the 188 
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patent”), which is incorporated by reference herein, or other 
such tests. Before describing the embodiments of the present 
invention, the dual energy tests and radiation scanning sys 
tems described in the 188 patent, and the theory behind dual 
energy tests, will be described in detail. 

Iron has an atomic number (“Z”) of 26. Since typical items 
in a cargo conveyance comprise iron and other materials with 
atomic numbers less than iron, the presence of any material 
having an atomic number greater than iron is suspicious. It is 
therefore sufficient to screen for HANMs, without identifying 
the particular material (although that is an option). While 
some HANM may not be nuclear materials, non-nuclear 
HANMs, such as lead (Pb, Z=82), tungsten (W, Z=74), and 
bismuth (Bi, Z=83) may be used to shield nuclear materials, 
and are, therefore, also Suspect materials. The presence of 
legitimate HANMS in cargo conveyances and the like is rare, 
and when they are present, they should be identified on a 
manifest for the cargo conveyance. Silver (Ag, Z=47), for 
example, has medical, industrial, and photographic uses. If 
silver is being shipped for Such legitimate uses, it should be 
identified on the manifest. In addition, nuclear material may 
be distinguished from other HANM by their transmissions 
and shapes in an image. Checking the manifest and visually 
inspecting an X-ray image of the cargo conveyance may 
thereby avoid identification of the HANM as a nuclear mate 
rial, decreasing the incidence of false positives. 

In the 188 patent, which is incorporated by reference 
herein, experiments demonstrating that ratios of transmis 
sions through different materials at different energies enables 
classification of materials as HANM, are described in detail. 
The following is a brief description of those experiments. 

Samples of iron, lead, lucite, and tungsten were scanned 
with radiation beams having nominal energies of 9 MeV 
(measured half value layer (“HVL) 1.16 inches, 2.95 cm) 
and 5 MeV (HVL 1.04 inches, 2.64 cm). The energy trans 
mission for each image was computed by dividing a histo 
gram mean of the image by a histogram mean of an image at 
the same energy without the sample present, to normalize the 
image. A ratio of the energy transmissions at 8.5 MeV to 4.5 
MeV were then calculated and recorded. The transmission at 
8.5 MeV was also recorded. 
The results are shown in FIG. 1a, which is a graph of the 

ratio of the transmission of a radiation beam having a nominal 
energy of 9 MeV to the transmission of a radiation beam 
having a nominal energy of 4.5 MeV, along the Y axis, Versus 
the transmission at 8.5 MeV, along the X axis. The X axis is 
semi-logarithmic. Curve A is a guide to the eye connecting 
calculated ratios at different transmissions, which correspond 
to different thicknesses of the sample, for iron. Curve B 
connects calculated ratios at different transmissions for lead. 
Curve C connects calculated ratios at different transmissions 
for lucite. Point D shows the ratio for iron next to tungsten. 
Point E shows the ratio for lead next to iron. Point F shows the 
ratio for transmission through 1.5 inches (38.1 mm) oftung 
sten behind 3 inches (76.2 mm) of iron. Point G shows the 
ratio for 1.5 inches (38.1 mm) of tungsten behind 3 inches 
(76.2 mm) of iron in a different image. Point H shows the ratio 
for 3 inches (76.2 mm) of lead behind 3 inches of iron (76.2 
mm). 
The curves and points in FIG. 1a show good separation 

between materials at low transmission (high attenuation). 
Iron, lead, and lucite may be clearly distinguished at trans 
missions of about 0.1 and less, as can tungsten and lead 
behind iron. In addition, the position of the curves with 
respect to each other shows that the ratios for materials 
decrease as the atomic number increases, in this example. 
Materials may therefore be classified as HANM based on the 
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ratios for each material and comparison to a respective ratio to 
a ratio of iron, for example. It is noted that the curves converge 
as complete transmission (X=1) is approached. 

FIG. 1b is a surface plot of a ratio image between trans 
mission at 8.5 MeV and transmission at 4.5 MeV through 3 
inches (76.2 mm) of steel (iron) adjacent to 1.5 inches (38.1 
mm) of lead. Different thicknesses are used so that the trans 
mission is the same through both materials. Portion I of the 
image is that of steel (iron) and portion J of the image is that 
of lead. The steel (iron) and lead have about the same energy 
transmission at 8.5 MeV. as measured by the detector. The 
ratios are significantly different. The two materials may be 
readily distinguished because their ratios are separated by 
many standard deviations. Where the transmission is lower, 
the standard deviations will be larger, the ratios will be closer 
together, and more Sophisticated Statistical analysis would be 
required. 

FIG. 1c shows five curves depicting simulated ratios of 
radiation transmitted through five (5) different materials (wa 
ter (H2O), aluminum, iron, uranium, and gold), as indicated, 
at 9 MeV to transmitted energy at 5 MeV. as a function of the 
energy transmitted at 9 MeV, based on a simulation without 
these problems. The curves are smoother than in the test 
above, and converge as transmission at 9 MeV increases. As 
above, at high attenuation of the incident radiation (low trans 
mission), there is significant separation among the different 
materials. The separation, which increases as transmission 
decreases (attenuation increases), shows a dependence on 
atomic number. In addition, the ratio decreases as the atomic 
number increases, in this example. If the ratio was calculated 
by dividing the lower energy by the higher energy, then the 
ratio would increase as the atomic number increases. 

Without being limited to any particular theory, it is believed 
that the relationship between the ratio and the atomic number 
results from the differential effects of Compton Scattering 
and pair production at different energies. With low atomic 
number materials (such as aluminum (Z=13) and water (H2O, 
H (Z=1), O (Z=8)), Compton scattering is the dominant 
mechanism at high energies, such as 9 MeV. Compton scat 
tering causes the low atomic number materials to Scatter 
lower energy photons, such as 5 MeV photons, at a higher rate 
than they scatter higher energy photons, such as 9 MeV pho 
tons, which increases the ratio of transmitted radiation for low 
atomic number materials. For higher atomic number materi 
als, such as silver (Z=47) and uranium (Z=92), pair produc 
tion causes removal of the high energy photons, thus reducing 
the ratio. In addition, the variation of the ratio is less sensitive 
to changes in energy transmission, resulting in a nearly flat 
curve as energy transmission increases. 

In FIGS. 1a and 1c, if iron (Fe, Z=26), which has the 
highest atomic number among materials commonly found in 
cargo conveyances, is used as a test material, calculated ratios 
less than the ratio of iron is indicative of the presence of a 
material having an atomic number greater than iron. As dis 
cussed above, typical items in a cargo conveyance comprise 
iron and other materials with atomic numbers less than iron. 
The presence of any material with an atomic number greater 
than iron is, therefore, Suspicious. 

FIGS. 1a and 1c also show that as the energy transmission 
increases (because the materials are thinner), the difference 
between the ratios for different materials decreases. While 
FIGS. 1a and 1c show greater differences between the ratios 
for different elements and Substances as energy transmission 
decreases (for thicker objects), it is noted that as the energy 
transmission gets Smaller, fewer photons per pixel may be 
detected. This may increase the error margin of the measured 
ratio, decreasing the accuracy with which materials may be 
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10 
differentiated. The 188 patent, which is incorporated by ref 
erence herein, account for the noisy data Statistically. 

In the 188 patent, the relationship between the ratio of 
transmission or attenuation of radiation through a material at 
two different energies and the atomic number of the material 
is used to determine whether an object at least potentially 
contains materials having atomic numbers greater than a pre 
determined atomic number, which is considered to be a high 
atomic number material (“HANM). The predetermined 
atomic number is selected so that the HANM may be a 
nuclear material or shielding for a nuclear material. 

In one example, an object is scanned with at least two 
different X-ray energy distributions or spectra having differ 
ent maximum energy levels, which is also referred to as 
endpoints or peak energies. Examples of energy distributions 
that may be used include 5 MeV and 9 MeV. 1 MeV and 9 
MeV, and 5 MeV and 15 MeV. The radiation transmitted 
through the object at the two different energy endpoints is 
measured by detector elements of a detector array. Radiation 
may also be detected at each energy end point after being 
transmitted through the air just before an object enters the 
respective radiation beam, for example, for use in normaliza 
tion. Normalization for air transmission is optional. Each 
detector element receives radiation along a beam path 
through portions of the object, from the X-ray source to a 
detector element. A projection of the radiation transmitted 
along each beam path, onto a surface, is referred to as a 
“pixel. The surface may correspond to all or a part of a 
receiving surface of the detector array, which may be flat or 
curved, for example, as is known in the art. Each pixel may 
correspond to one or more detector elements of the detector 
array. If an image is generated, which is an option but is not 
required, the pixels may correspond to pixels of the image. 
A function of the detected radiation at the two different 

energy endpoints for corresponding portions or pixels is cal 
culated. “Corresponding” portions or pixels result from the 
same or Substantially the same beam path through the object. 
Since the object is typically being moved across a radiation 
beam during scanning, the object may be moved a slight 
distance between scanning at the first and second energy 
endpoints. Corresponding pixels may not, therefore, be 
derived from exactly the same beam path through the cargo 
conveyance. Preferably pixels are considered to be “corre 
sponding” if their respective beam paths through the cargo 
conveyance overlap by at least one-half, although that is not 
required. For example, the pixels may overlap by less than 
half. It will be apparent to those skilled in the art that in certain 
cases, such as if less sensitivity and specificity may be toler 
ated, corresponding pixels may be proximate to each other 
(within a few pixels of each other) and need not overlap. 
As discussed above, the function may be a ratio between 

the radiation detected at the higher energy endpoint (such as 
9 MeV) and the radiation detected at the lower energy end 
point (such as 5 MeV), or vice versa, for example. Such a ratio 
is referred to as a transmission ratio (“TR). To calculate the 
TR in one example, transmitted radiation detected at the 
higher energy endpoint is divided by transmitted radiation 
detected at a lower energy endpoint for a plurality of corre 
sponding pixels. TRS for the corresponding pixels, referred to 
as “resultant pixels' or just pixels, may be represented as an 
array or a matrix of numbers (corresponding to the ratios) 
associated with the positions of respective resultant pixels. 
Instead of measuring radiation transmission, radiation attenu 
ation may be measured and used in the ratio. Other functions 
may be used, as well. For example, an asymmetric parameter 
function may be used. Such as a ratio between: 1) the energy 
detected at a first energy endpoint plus the energy detected at 
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a second energy endpoint, and 2) the energy detected at the 
first energy endpoint minus the energy detected at the second 
energy endpoint. In other words, (detected radiation at 9 
MeV+detected radiation at 5 MeV)+(detected radiation at 9 
MeV-detected radiation at 5 MeV), or vice-versa. 

In the 188 patent, the TRs of resultant pixels are compared 
with a second function based on a test material having the 
predetermined atomic number (above which materials are 
considered to be HANM). Potential HANM are identified 
based, at least in part, on whether the TRS meet criterion with 
respect to the second function. The second function may be a 
threshold, for example, and the criterion may be whether the 
TR is above or below the threshold. The threshold may be 
determined by calculating an average of the TRS of the trans 
mitted radiations at the same two energy endpoints as is used 
by the system to scan an object under inspection, for the 
resultant pixels of the test material. All resultant pixels may be 
analyzed or a statistically sufficient number of resultant pixels 
may be analyzed to characterize the test piece. Preferably, the 
average TR is adjusted by an integral or non-integral number 
of standard deviations of the TRs, to achieve a desired sensi 
tivity and specificity. It is also preferred to calculate the aver 
age TR for different thicknesses of the test piece. Since trans 
mission varies with thickness, particular thresholds may 
thereby be calculated and used for particular transmissions or 
range of transmissions detected at each pixel. The transmis 
sion at the higher energy endpoint, here 9 MeV, may be used 
to select the threshold. The transmission at 5 MeV may be 
used, instead. 

Preferably, the test material has an atomic number equal to 
or greater than known the highest atomic number of accept 
able materials. For example, radioactive materials, such as 
uranium (Z=92) and plutonium (Z=94), are of particular con 
cern because they can undergo self-sustaining fission reac 
tions. The test material, therefore, preferably has an atomic 
number less than the atomic number of uranium. As men 
tioned above, lead (Z=82), tungsten (Z=74), and bismuth 
(Z=83) are also of concern because they may be used to shield 
radioactive material. More preferably, the test material there 
fore has an atomic number less than tungsten. It is even more 
preferred that the test material be iron (Z=26), which is the 
highest atomic number material commonly found in cargo 
conveyances and luggage in significant quantities. Copper 
(Z=29) and nickel (Z=28), which have atomic numbers close 
to iron, may also be used. If the cargo conveyance or other 
Such object contains agricultural products, which may be 
determined based on a manifest for the cargo conveyance, for 
example, then a threshold based on a test piece of a plastic, 
such as Lucite R or Delrin R, may be used. Iron, copper, nickel 
or other materials having atomic numbers less than the mate 
rials of concern may be used in the analysis of cargo convey 
ances containing agricultural goods, as well. 
The result of the comparison of the TR of the pixels to the 

threshold is indicative of whether the atomic number of the 
material in the volume of the object traversed by the radiation 
beam is above or below that of the material of the test piece. 
In the case where the TR is calculated by dividing a value of 
a high energy pixel by a value of a corresponding low energy 
pixel, if the TR is less than the threshold, then the volumes 
traversed by the radiation beams resulting in those pixels at 
least potentially comprise material having a higher atomic 
number than the material of the test piece and is identified as 
at least a potential HANM. Materials below that atomic num 
ber are classified as non-HANM. In the case where the TR is 
calculated by dividing the value of a low energy pixel by the 
value of a corresponding high energy pixel, if the TR is 
greater than the threshold, then the volumes traversed by the 
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radiation beams resulting in those pixels at least potentially 
comprises material having a higher atomic number than the 
material of the test piece and is identified as at least apotential 
HANM. It is noted that in accordance with embodiments of 
the invention, it is not necessary to identify the atomic number 
of the material. 

FIG. 2 is an image 10 of a portion of cargo conveyance 
containing an item 405, an item 410, and selected pixels, 
including illustrative pixels A, B, F, G, and H. The pixel Allies 
within the item 405. The pixel B lies within the item 410. An 
examination window W. discussed in detail below, is also 
shown. The size of the pixels may depend on the size and/or 
number of detector elements comprising the detector, imag 
ing integration time, etc. The Smallest pixel size may corre 
spond to a single detector element or number of detector 
elements. In one example, the size of each detector element 
and each pixel is 0.5 cmx0.5 cm. 

If the radiation beam used to scan the cargo conveyance 10 
is a vertical fan beam, FIG. 2 is representative of a combina 
tion of a plurality of adjacent vertical, one dimensional scan 
ning arrays resulting from Scanning the cargo conveyance. If 
the radiation beam is a cone beam, FIG. 2 is representative of 
one or more two-dimensional scanning areas resulting from 
scanning the cargo conveyance 10. 
The values of the transmitted radiation detected at these 

and other pixels are stored as arrays in memory of a scanning 
system for processing by a processor, such as a computer. 
FIG. 3 is an example of a portion of an array of values of 
radiation energy detected at a plurality of pixels for radiation 
of 9 MeV transmitted through a portion of a cargo convey 
ance. FIG. 4 is an example of a corresponding array for 
radiation detected at corresponding pixels for radiation trans 
mitted through the cargo conveyance at 5 MeV through the 
corresponding portion of a cargo conveyance. For example, at 
9 MeV, the normalized transmitted radiation detected at the 
pixel X is 5.9x10 and at 5 MeV, the transmitted radiation 
detected at the pixel X' is 2.4x10. Since all measurements of 
transmitted radiation are of the same order of magnitude 
(10), that term is omitted hereafter. FIG. 5 is an example of 
an array of the calculated TRs for the same portion of the 
cargo conveyance as FIGS. 3 and 4. The TR of a resultant 
pixel A resulting from dividing the value of X (5.9) by the 
value of X" (2.4) yielding a TR of 2.5, is shown. A resultant 
pixel typically has the same size and shape as the initial 
pixels. All of these values are hypothetical. 

FIG. 6a is a flowchart of an example of a method 800 for 
calculating and analyzing TRS that may be implemented 
automatically by an X-ray scanning system. In this example, 
transmission is detected at 5 MeV and at 9 MeV for a plurality 
of corresponding pixels, in Steps 801 and 802, respectively. In 
Step 803, the TRs for each resultant pixel are calculated by 
dividing the measured transmitted radiation at 9 MeV at a 
pixel by the measured transmitted radiation at 5 MeV at a 
corresponding pixel, as shown in FIG. 5. A current resultant 
pixel is then selected for analysis, in Step 805. In this 
example, the resultant pixel A is selected. A threshold for 
comparison with the TR of the current pixel is preferably 
selected based on the detected transmission at one of the 
energy endpoints, in Step 808. It may be necessary to calcu 
late an applicable threshold based on interpolating stored 
thresholds, as is discussed further, below. In Step 808, this 
selection is based on the detected transmission at 9 MeV. It 
may be based on the detected transmission at 5 MeV, instead. 
The selected threshold in this example is 4.35. 

It is then determined whether the TR of the current result 
ant pixel A is below the threshold of 4.35, in Step 810. Since 
2.5 is less than 4.35, this condition is satisfied. Resultant pixel 
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A may, therefore, be an HANM. The pixel is “marked as a 
potential HANM by flagging its place in the array of FIG. 6a, 
in Step 815. It is then determined whether the resultant pixel 
A is the last pixel to be analyzed, in Step 820. Since there are 
other pixels to be analyzed, the condition is not satisfied and 
the method returns to Step 805 to select a new pixel for 
analysis, and the method continues. After the computer has 
completed analysis of the TRs of all the pixels, the condition 
in Step 820 becomes true as the current pixel is the last pixel. 
The processing steps of the method 800 may be conducted by 
a processor, Such as a computer, of the scanning system. 
The throughput of a scanning system may be increased by 

conducting a prescan by known techniques to determine 
whether the object contains one or more dense regions that 
warrant further examination. If so, one or more of the tests 
described herein may be conducted. If not, the object may 
pass through the system without further examination. The 
prescan may comprise scanning the object with a radiation 
beam having one of the energy endpoints. Use of the lower 
energy endpoint radiation beam is preferred because it is 
generally more sensitive. The results may be analyzed for 
radiation attenuation or transmission indicative of a possible 
Suspect material. This may be done automatically by compar 
ing the detected radiation or contrast with a threshold, for 
example. Images may be generated and visually examined, as 
well. 
A radiation beam path intercepting an HANM will typi 

cally intercept "background material. Such as agricultural 
materials or manufactured goods in front of and/or behind the 
HANM. The sensitivity and specificity of the scanning sys 
tem 100 may be improved by normalizing for the background 
of the suspected HANM by separately calculating the TR of 
each pixel of a suspected HANM embedded within the back 
ground material, based on the transmitted radiation of the 
background material and the transmitted radiation for a com 
bined Suspected HANM and background material occupying 
the same beam path. Based on image processing techniques 
known in the art, such as segmentation, the boundaries of 
dense regions indicative of a possible HANM may be identi 
fied with respect to the background. Such dense regions may 
be identified in a prescan of the object being examined, at one 
of the energy endpoints, as discussed above. Then the trans 
mitted radiation for each pixel through a dense region may be 
calculated by dividing the transmitted radiation of a pixel 
through the dense region by the transmitted radiation through 
the background, at each energy endpoint. The TR for each 
pixel in the dense region may then be calculated by dividing 
the adjusted transmitted radiations at each energy endpoint, 
as discussed above. 

In order to have comparable statistical accuracy in the TR 
values for the dense region and the background, the size of the 
background is preferably selected such that the area of the 
background is about equal to or is the same order of magni 
tude as the area of the dense region. In one example, a prede 
termined area, such as the Surrounding 1 to 5 centimeters of 
the contents in each direction outside the boundaries of the 
dense region, may be considered background material. The 
TR of the background material may be an average or other 
mathematical function of the TRs of the pixels forming the 
background. The median may also be used, for example. Two 
annular rings may be defined around the pixels of the dense 
region, for example. The annular ring closest to the dense 
region may be separated from the boundary of the dense 
region by 2 to 3 pixels in each direction, for example, to 
account for the imprecision of determining the exact bound 
ary of the dense region. The next ring, which may encompass 
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14 
the same area as the suspect HANM, may be considered to 
encompass background material. 

FIG. 6b is an example of a method 850 that may be 
executed by a processor, Such as a computer, to adjust 
detected radiation through Suspect dense regions of an object 
by the background of the dense regions. A dense region of an 
object is identified, in Step 855. The dense region may be 
identified in a prescan of the object at one of the energy 
endpoints, for example. The boundaries of the dense region 
are determined, in Step 860. Image processing techniques, 
Such as segmentation, which are well known in the art, may be 
used, for example. 
The background of the dense region is identified, in Step 

862, and the average transmission through the background at 
each energy endpoint is determined, in Step 864, as discussed 
above. The detected radiation for each pixel of the dense 
region, which includes background along the beam path, is 
divided by the average detected radiation transmitted through 
the background, at each energy endpoint, in Step 866. The 
result is the transmitted radiation of the dense region at each 
energy endpoint, without the effect of the background along 
the beam path. The method may then proceed to Step 803 of 
FIG. 6a to calculate TRs for resultant pixels of the dense 
region based on the calculated transmissions for correspond 
ing pixels, and to compare the TRS to thresholds. 
The sensitivity and specificity of the determination that a 

low TR pixel is at least potentially indicative of an HANM 
based on the comparison of individual TRs to thresholds may 
not be sufficient for particular applications. The specificity 
and sensitivity of the determination that HANM is at least 
potentially present may be improved by grouping TRS, as 
described below and in the 188 patent, by increasing the 
number of pixels analyzed. A processor, such as a computer, 
of the Scanning system may further analyze the resultant data, 
as described below. 

The Examination Window Test 

In one example, the number of pixels having TRs below the 
threshold (“low TR pixels') contained in a grouping of pixels 
having a predetermined area, referred to as an examination 
window, is examined. The examination window may be a 3 
pixelx3 pixel or 9 pixelx9 pixel matrix of pixels, for example. 
A 9x9 pixel examination window W is shown in FIG. 2. If the 
number of the low TR pixels in the examination window 
exceeds a predetermined number, then HANM is considered 
to be present. The threshold value (average TR of a test piece 
minus/plus a value of standard deviations), the window size, 
and the minimum number of low TR pixels to be considered 
a threat may be chosen such that the probability that a non 
HANM would meet the threat criterion, times the number of 
independent examination windows in an object (independent 
windows do not share common pixels) having at least one 
pixel below the threshold, is less thana desired sensitivity and 
specificity. Selection of the size of the examination window 
and the number of the standard deviations to be subtracted 
from the average TR of the test material to calculate the 
threshold is based on the following statistical analysis. This 
test is referred to as “the examination window test.” 
The size of the examination window may correspond to the 

cross-sectional area of the smallest HANM of concern that 
the Scanning system can detect. HANM is typically Smuggled 
in the shape of a sphere. The examination window may be the 
largest square fitting within a cross section of that sphere. 
Once the window size has been chosen, one chooses a thresh 
old value and a minimum number of pixels below the thresh 
old that if found will be considered a threat. Preferably, the 
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Smallest standard deviation is chosen because as the number 
of standard deviations increases, the probability of a response 
from a true HANM decreases. The threshold and minimum 
number are chosen such that the probability that a non 
HANM will meet the detection criterion times the number of 
independent examination windows analyzed is less than a 
desired false alarm rate. An example of an acceptable false 
alarm rate is less than 1 in 100. Less than 1 in 1,000 is 
preferred. Less than 1 in 10,000 is more preferred. 

In one example, a test piece of iron is scanned at the same 
two energy endpoints that will be used to scan cargo convey 
ances by that same scanning system. The TR measured at 
each pixel is considered to be an independent measurement of 
the TR for iron. For each value (integer or non-integer num 
ber) of standard deviations below the average TR of the test 
object, there will be a probability per pixel “p' that a single 
measurement will be less than the average TR minus that 
given value of standard deviations due to statistical fluctua 
tions and not due to the presence of HANM. After “N' pixels 
are examined, there is a probability “P” that exactly “n” of 
these pixels will be below the threshold, also due to statistical 
fluctuations. This probability is given by the binomial distri 
bution: 

N trip"(1-p)"". 

The probability of every expected outcome can therefore 
be calculated. Those low TR pixels that have some very small 
probability of occurring statistically, and therefore have a 
high probability of being a true HANM, may be identified. A 
false alarm rate, "P.", for a given situation is set and the 
probability of all the low TR pixels that would seem not to 
indicate the presence of a high atomic number material is 
evaluated. These probabilities are added until the difference 
between the sum and unity is less than P. This sum of 
probabilities corresponds to the number of low TR pixels that 
will be false positives. Any number of low TR pixels above 
that corresponding number indicates the presence of a true 
HANM. 

For example, assume a 9x9 pixel window and a threshold 
equal to the average TR for iron minus two standard devia 
tions. Then the probability per pixel that a pixel is below the 
threshold due to statistical fluctuations is p=0.02275. The 
probability P(n/N) of seeing n pixels below the threshold in 
the 9x9 window due to statistical fluctuations is: 

l P(n181) Sum of Probabilities 

O O.1550 O.1SSO 
1 O.2923 O.4474 
2 O.2722 0.71.97 
3 O.1669 O.8865 
4 0.0757 O.9623 
5 O.0272 O.98.94 
6 O.OO8O O.9974 
7 O.OO2O O.9994 
8 OOOO4 O.9999 

The probability P(n/81) that eight (8) pixels will be found 
below the threshold due to a statistical fluctuation is 0.0004. 
The sum of probabilities that eight (8) pixels will be found 
below the threshold due to statistical fluctuation is 0.9999. 
Therefore, there is a 1 in 10,000 chance that if eight (8) or 
more pixels are found below the threshold, it is due to a 
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statistical fluctuation and not to the presence of HANM. This 
is the false negative or false alarm rate P. per examination 
window, based on eight (8) or more pixels. The probability 
that nine (9) or more low TR pixels are the result of a statis 
tical fluctuation is less than the false alarm rate P, of 1 in 
10,000, in this example. Therefore, to achieve a false alarm 
rate P, of less than 1 in 10,000, per window, then 9 or more 
pixels with a low TR need to be found in an examination 
window. 

FIG. 7 is a bar chart of the minimum number of low TR 
pixels required to achieve a 1 in 10,000 false alarm rate P, for 
various sizes of examination windows and standard devia 
tions. If one chooses a relatively large number of standard 
deviations (3 or more), for example, the examination window 
size may be relatively unimportant because the minimum 
number of pixels required to indicate HANM at that false 
alarm rate P, changes by only a small amount (a fraction of a 
pixel). If one uses a fairly small number of standard devia 
tions, such as 1, then the minimum number required to indi 
cate the presence of HANM at a particular false alarm rate P, 
is a fairly strong function of the examination window size. For 
example, with a 9x9 matrix window size and 1 standard 
deviation, 27 pixels are required to indicate HANM with the 
false alarm rate P, of 1 in 10,000. With an 8x8 matrix window 
size, 24 pixels are required. 
Two examinations may be conducted, one with a larger 

examination window, to detect larger masses of HANM, and 
another with a smaller window, to detect Smaller masses. As 
discussed above, in this system, a 9x9 matrix may be used to 
detect larger masses. The smaller window may be a 3x3 
matrix, for example. With a 3x3 matrix, the number of stan 
dard deviations subtracted from the average TR of the test 
object may be 2 or 2.5, for example. At 2.5 standard devia 
tions and a 3x3 matrix, the presence of 3 pixels below the 
threshold would indicate HANM with a false positive rate of 
1 in 10,000, as shown in FIG. 7. The examination window test 
may be the sole test for determining whether an HANM is 
present, or it may be used in conjunction with other exami 
nation techniques, including the other examples discussed 
below. 
The entire object may be examined by analyzing an exami 

nation window moved across the TRs of the object. For 
example, the window may be positioned starting in one loca 
tion, Such as in a corner of the object, and then moved to the 
opposite corner, one column of pixels at a time. Subsequently, 
the examination window may be moved down by one row of 
pixels and then across the TRS, one column of pixels at a time. 
The pixels in each window are analyzed and the analysis ends 
when all the possible examination windows of the object have 
been analyzed. 

In an example of an implementation of the examination 
window test, during operation of the cargo Scanning system, 
the cargo conveyance is subjected to two X-ray radiation 
beams, each with a different energy endpoint, Such as at 9 
MeV and 5 MeV. The radiation at each radiation endpoint is 
detected by a detector after interaction with the cargo con 
Veyance. An example of a cargo scanning system that may be 
programmed to implement this and other tests described 
herein is discussed below. 

FIG. 8 is an example of a method 900 that may be executed 
by a processor, Such as a computer, for example, to implement 
the examination window test. After calculation of the TRs of 
the resultant pixels, in the method 800 of FIG. 6a (and option 
ally in conjunction with the method 850 of FIG. 6b), for 
example, the computer selects a pixel and constructs an 
examination window, Such as a 9x9 matrix, centered about 
the selected pixel, in Step 910. The computer identifies a 
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number of the low TR (marked) pixels in the examination 
window, in Step 912, and compares it with a predetermined 
number, in Step 915. The predetermined number is the high 
est statistically determined number of low TR pixels that can 
be false positives (a pixel having a low TR even though the 
pixel is not an HANM), under the selected conditions, as 
discussed above. Computation of the threshold is described 
further below, with respect to FIG. 13, for example. 

If the number of low TR pixels is greater than or equal to the 
predetermined number, an area of the cargo conveyance cor 
responding to the low TR pixels is classified as an HANM, in 
Step 920. If the number of the low TR pixels in the examina 
tion window is less than the predetermined number, it is 
determined whether the current examination window is the 
last examination window to be analyzed, in Step 925. 

If not, the examination window is shifted one column of 
pixels to the left one row of pixels down, as appropriate, to 
construct a new current examination window, in Step 910. 

Then the computer repeats all the steps of the method 900, 
as described above. The method 900 may be repeated with a 
smaller examination window, different number of standard 
deviations and different predetermined number. If the current 
examination window is the last window to be analyzed, an 
output is provided to an operator, in Step 930. 

FIG.9 is an example of a method 950 that may be executed 
by the processor, Such as a computer, to display the results of 
the analysis to the operator of the cargo scanning system 100. 
In Step 960, the processor checks whether there are any 
examination windows with a number of marked pixels greater 
than or equal to the predetermined number, as determined in 
Step 915 of the method 900, for example. If the number of 
marked pixels, if any, is not greater than or equal to the 
predetermined number in any examination window, the pro 
cessor proceeds to Step 970 and displays a message “No 
HANM. If the number of marked pixels in any examination 
window is greater than the predetermined number, the pro 
cessor proceeds to Step 980 to display a message “HANM 
Found.” for example, thus alerting the operator to the pres 
ence of a high atomic number material in the cargo convey 
ance. The processor may also display the images of the 
examination window or windows showing the presence of an 
HANM, in Step 990. An entire image including the windows 
may be displayed instead of or along with the images of the 
windows, as well. 

If the output indicates that HANM is present, the operator 
may then have several options. For example, a manifest for 
the cargo conveyance may be checked to determine whether 
HANM has been properly declared and is not a threat. The 
HANM may be an HANM but not a radioactive material, for 
example, such as silver for industrial or medical use, which 
should be identified on the manifest. The HANM may also be 
a radioactive material for medical use, which should be 
declared on the manifest. The operator may also cause the 
scanning unit and the processor to perform additional scan 
ning of the cargo conveyance and/or mathematical analysis of 
measurements, including other tests discussed herein, and/or 
the operator may conduct a manual inspection of the cargo 
conveyance. A cargo conveyance failing inspection due to the 
suspected presence of HANM may be removed from the area 
and dealt with in accordance with known procedures. 

If the output is not indicative of the presence of HANM, the 
cargo conveyance may be considered to “pass” the inspec 
tion. However, if the operator still suspects HANM are 
present (based on the prescan, for example), the operator may 
still conduct a manual inspection. Also, if the method 850 of 
FIG. 6b was not used in conjunction with the calculation of 
TRs in the method 800 of FIG. 6a, the method 850 may be 
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conducted, the TRS recalculated, and then analyzed as 
described above. If HANM is still not shown, any or all of the 
other tests described herein, or other tests known in the art, 
may be conducted. Once the operator is satisfied, the cargo 
conveyance may be "passed.” 

The Contiguity Test 

Once a first resultant pixel meeting the test criterion is 
found (as described with respect to FIG. 6a, for example), 
another way to increase the number of resultant pixels ana 
lyzed is to analyze the pixel’s environment to identify pixels 
contiguous to that pixel that also meet the test criterion. Ana 
lyzing the environment of that first resultant pixel increases 
the statistical accuracy (decreases the standard deviation) of 
the measurements because it is more likely that the first pixel 
is part of an HANM if contiguous pixels are also part of an 
HANM. Analyzing pixels surrounding the first pixel also 
effectively increases the number of photons contributing to a 
determination. If the area of the contiguous pixels is greater 
than or equal to a predetermined area, the identification of 
HANM has greater sensitivity and specificity than a determi 
nation based on a single pixel or a grouping having an area 
less than the predetermined area. 
The predetermined area may be a cross-sectional area of 

the smallest HANM capable of producing a self-sustaining 
nuclear reaction. For example, the area may be 20.25 cm, 
which is the area of a 4.5 cmx4.5 cm square. A square of this 
size is representative of a cross-sectional area of the Smallest 
sphere encompassing a square of these dimensions. The size 
of the area may be determined by counting marked pixels. 
(See Step 815, FIG. 6a, discussed above, where low TR pixels 
are marked.) Other Smaller or larger areas may be used as 
well. The area of the contiguous pixels need not be in the 
shape of a square. 

If contiguous pixels covering an area greater than or equal 
to the predetermined area are found, then an HANM is con 
sidered to be at least potentially present. In one example, 
pixels sharing an edge. Such as a pixel G and a pixel Hin FIG. 
2, are considered to be contiguous, while pixels sharing only 
a vertex, such as pixels F and G, are not. A different definition 
of "contiguous may be used, which may include pixels shar 
ing a vertex, for example. This test is referred to as the “con 
tiguity test. Comparison based on the area, rather than shape, 
is believed to be more reliable, but shape may be considered 
as well. 

FIG. 10 is an example of a method 1000 that may be 
executed by a processor, such as a computer, to implement the 
contiguity test. A marked pixel is selected, in Step 1010. It is 
determined whether there are additional marked pixels con 
tiguous to the selected pixel, in Step 1020. Pixels in the array 
are checked and accumulated in all directions from the 
selected marked pixel until a first “unmarked pixel (whose 
TR is above threshold) is reached in every direction. Algo 
rithms for such analysis are well known in the art. 

If there are marked pixels contiguous to the selected 
marked pixel, the size of the area of the contiguous marked 
pixels is compared to a predetermined area, Such as the area of 
the smallest HANM the system 100 is designed to detect, in 
this example a 20.25 cm, in Step 1030. 
The area covered by the marked pixels “accumulated in 

Step 1030, is preferably determined by counting marked pix 
els, for example. If each pixel is 0.5 cmx0.5 cm, the area 
covered by 81 contiguous marked pixels centered around the 
pixel A shown in FIG. 5, for example, is equal to 20.25 cm 
(4.5 cmx4.5 cm). While in the example the area is a square, 
that is not required. If the condition in Step 1030 is satisfied, 
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the area of the contiguous marked pixels is marked as an 
HANM, in Step 1040. Optionally, an image of this area may 
be generated for display to an operator. 

If the area covered by the marked pixels is less than the 
predetermined area, the area of adjacent marked pixels is 
marked as unconfirmed HANM, in Step 1050. After either 
Steps 1040 or 1050, it is determined whether there is another 
marked pixel to process, in Step 1060. If so, a new marked 
pixel is selected, in Step 1010, and the method 1000 is 
repeated. If there are no other pixels to process, then the 
condition in Step 1060 would not be satisfied and the com 
puter provides an output to the operator, in Step 1070. It is 
noted that once an individual pixel is part of a previously 
marked area, it need not be further analyzed by this process 
(although it may be). Therefore, Step 1010 may be limited to 
selecting a marked pixel that is not part of a previously 
marked area. Step 1060 may be similarly limited to determin 
ing whether there is another marked pixel not part of a previ 
ously marked area. 
The contiguity test may be used alone or in conjunction 

with other examination techniques, including the other 
examples described herein. The operator may respond to the 
output provided, as described above with respect to the 
examination window test. 

Analyzing the environment of a suspect resultant pixel is 
also useful where only a limited number of photons may be 
detected at each resultant pixel. For example, certain non 
threatening materials (non-HANMs). Such as agricultural 
goods, may be very dense. Low TR pixels may be found even 
though the material is not an HANM, because of the low 
transmission through the dense material causes a high statis 
tical inaccuracy. The contiguity test may improve the statis 
tical accuracy of the determination based on measured radia 
tion at a pixel by considering the radiation detected in the 
environment of the pixel, as well. 

The Matrix Test 

In another example, resultant pixels are grouped and a 
function of the TRs in the group is analyzed. The function 
may be an average or median of the TRS in the group, for 
example. The group may be formed about a Suspect pixel or a 
plurality of groupings may be provided to encompass all the 
pixels. The grouping may be a matrix, for example. This test 
is therefore referred to as the "matrix test.” 
The item 410 in FIG. 2 is an example of another item within 

the cargo conveyance 10. The pixel B is a low TR, and there 
fore suspect pixel, within the item 410. The 3x3 pixel matrix 
B3 in FIG. 2 is an example of a grouping, “constructed 
around the pixel B. FIG. 11 is an example of an array of the 
TRs for a portion of the cargo conveyance 10, showing the 
low TR pixel B and the matrix B3. The average TR, for 
example, of the matrix B3 is calculated by averaging the TRs 
of each pixel in the matrix. The average TR is then compared 
to the threshold. If the average is below the threshold, HANM 
may be considered to have been found. In one example, where 
the pixel size is 0.5 cm, the 3x3 pixel matrix B3 may be used 
to identify a potential HANM having a cross-sectional area of 
at least about 1.5 cmx1.5 cm. The threshold used in the 
comparison may be selected based on the average or other 
Such function of the transmissions of the pixels in the matrix. 
The statistical accuracy of the TR for the 3x3 matrix is 

three times greater than the statistical accuracy of the TR for 
the individual low TR pixel. Since false positives may cause 
unnecessary, costly, time consuming, and disruptive inspec 
tion of the cargo conveyance, additional confirmation, with 
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even greater accuracy, is preferably obtained before a defini 
tive finding is made that the pixel B belongs to an HANM. 
To further improve the accuracy of the determination (to 

decrease the standard deviation) for larger objects, after the 
3x3 matrix is examined, an even larger matrix, such as a 9x9 
pixel matrix B9, which is also shown in FIG. 2 and FIG. 11, 
is preferably created, centered around the same selected low 
TR pixel B. Other size matrices, such as 5x5 and 7x7 pixel 
matrices, may be constructed, instead or as well. The size of 
the larger matrix may depend on the size of the items to be 
identified and the size of the pixels. The 9x9 pixel matrix B9 
contains eighty-one additional adjacent pixels with data con 
tributing to the determination of whether HANM is present. 
An average of the TRs of the pixels of the larger matrix is 
generated and is similarly compared to the threshold. If both 
the average TRs of the first and second matrices are below the 
threshold, the current low TR pixel is determined with even 
more confidence to represent an HANM. In this example, the 
3x3 pixel matrix B3 provides a first identification of a poten 
tial HANM, whose presence is verified with greater confi 
dence by the 9x9 pixel matrix B9. 
The analysis continues until all the low TR pixels have 

been processed. Multiple overlapping 3x3 matrices, as well 
as overlapping 9x9 matrices, may be constructed across an 
array. FIG.2 shows an additional 3x3 matrix B4, for example, 
which overlaps the matrix B3. 

In another example, if the detector elements are 1.5 cm x 1.5 
cm and a pixel size is 1.5 cm, a 3x3 pixel matrix would 
encompass a 4.5 cm cube of HANM. If the detector element 
is 0.1 cm and the pixel size is 0.1 cm, a 45 pixelx45 pixel 
matrix would be required to encompass a 4.5 cm cube of 
HANM, or HANM covering an area of 20.25 cm. 

FIG. 12 is an example of a method 1100 that may be 
executed by a processor, such as a computer, to implement the 
matrix test. In this example, the pixel size is 0.5 cm x0.5 cm. 
After executing the method 800 in FIG. 6a to identify and 
mark low HANM pixels, and optionally after implementing 
the contiguity test, an example of which is shown in the 
method 1000 of FIG. 10, a current marked pixel is selected, in 
Step 1105. The low TR pixel B within the object 410 in FIG. 
2, is selected, for example. A 3x3 matrix B3 centered around 
the pixel B is “constructed” (see FIG. 11), in Step 1115, to 
identify HANM encompassing an area of 0.5 cmx0.5 cm, and 
larger. 
The average TR for the matrix B3 is then calculated by 

summing the nine TRs in the matrix B3 and dividing that sum 
by the number of individual pixels, in Step 1120. In this 
example, the average TR for the matrix B3 is 2.7. It is then 
determined whether the average TR of the matrix B3 is below 
the threshold, in Step 1125. The threshold in this example is 
3.9. Since 2.7 is less than 3.9, the condition is satisfied. This 
means that the matrix B3 represents an HANM with an accu 
racy of three times that of the accuracy of the initial Suspicion 
that pixel B may be an HANM based solely on the fact that 
pixel B had a low TR. 

In this example, for an HANM encompassing a cross 
sectional area of 4.5 cmx4.5 cm and larger, a 9x9 matrix B9 
is also preferably constructed centered around the pixel B in 
Step 1130, to provide greater sensitivity and specificity to a 
finding of HANM by the 3x3 pixel matrix. An example of a 
9x9 matrix B9 is shown in FIG. 12. The average TR for the 
matrix B9 is calculated in Step 1135. The TRs in the matrix 
B9 are summed and the sum is divided by 81 (the number of 
individual pixels). In this example, the TR for the matrix B9 
of FIG. 11 is 2.9. Since nine (9) times as many pixels are 
considered, the statistical probability of the accuracy of the 
TR for the matrix B9 is three times greater than the statistical 
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probability of the accuracy of TR of the matrix B3. The TR of 
the matrix B9 is compared to the threshold, in Step 1138. It is 
then determined whether the average TR is less than the 
threshold, in Step 1138. If so, then it is confirmed that the 
current marked pixel corresponds to an HANM, in Step 1140, 
with a higher degree of sensitivity and specificity. Since 2.9 is 
less than 3.9, the condition is met. It is then determined 
whether the pixel B is the last marked pixel to analyze, in Step 
1145. Since there are other marked pixels to be analyzed, the 
condition is not satisfied, the method returns to Step 1105, and 
the method 1100 is repeated for the next marked pixel. 

If the TR of the matrix B9 is not less than the threshold, 
then the pixel B is not confirmed as an HANM in Step 1140 
and the method proceeds to Step 1145, as discussed above. 
After all the TRs of all the marked pixels are analyzed, the 
condition in Step 1145 becomes true and an output is pro 
vided to the operator. The operator may respond to the output 
as described above with respect to the examination window 
teSt. 

It is believed that the matrix test may identify a cube of 
HANM with sides of 4.5 cm, such as an uranium cube, behind 
a 20 cm thick shield of iron, for example. The matrix test may 
be performed alone or in conjunction with any or all of the 
other tests described herein, or other tests known in the art. 
For example, if the area of the item 410 is less than the 
predetermined size of the contiguity test, discussed above, it 
would not be identified as an HANM by that test. It could still 
be a dangerous HANM, however, as several objects of an 
SNM may be smuggled in one or more cargo conveyances 
and combined into a single object large enough to Sustain a 
nuclear reaction. An HANM Smaller than the predetermined 
size could also be used in a “dirty bomb. Items smaller than 
the predetermined area of the contiguity test may be identified 
by the matrix test using a matrix smaller than the predeter 
mined area of the contiguity test. When the matrix test is 
being used to examine low TR pixels in areas less that the 
predetermined size of the contiguity test, only low TR pixels 
not part of an object greater than the predetermined size need 
to be selected for analysis by the matrix test, but that is not 
required. 

It is noted that for smaller items, where only a small matrix 
(such as the 3x3 pixel matrix B3) encompasses enough of an 
item to at least potentially identify the item as an HANM, the 
identification of HANM may not be as reliable as if larger 
matrices are also used. Such potential identification may, 
however, justify further examination, such as conducting the 
other tests described herein or known in the art, checking the 
manifest, and/or conducting a manual examination. It is also 
noted that an average or other such function of TRS of group 
ings other than a matrix may be compared to a threshold to 
determine whether the grouping is at least potentially 
HANM. For example, the grouping may be the dense regions 
identified in a prescan, as discussed above. The boundaries of 
the dense region may be defined as discussed above, the TRs 
of the pixels of the dense region may be averaged, and the 
average compared to the threshold. 

Threshold Calculation 

As discussed above, the criterion for separating an HANM 
from a non-HANM is preferably calculated for each scanning 
system. Threshold calculation may take place when a cargo 
scanning system is periodically calibrated. The calculation 
depends, in part, on the desired degree of sensitivity and 
specificity for the system. As discussed above, the threshold 
may be determined by scanning a test material having an 
atomic number less than the lowest atomic number of a mate 
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rial of concern (such as uranium) at the same two energies as 
will be used to Scan cargo conveyances. A test piece compris 
ing a material representative of inorganic material. Such as 
iron, nickel, and copper, for example, and a test piece com 
prising a material representative of organic material. Such as 
water or a plastic such as Lucite (R) or Delrin (R), may be 
used, for example. 
The test piece preferably has a varying thickness, so that 

thresholds may be calculated at different transmission 
through the test piece. The test piece may be wedge shaped or 
step shaped, for example. The thicknesses may correspond to 
the expected range of transmissions of acceptable materials 
and HANMs. Thresholds calculated at the different thick 
nesses may be used with the test criteria applied to resultant 
pixels having corresponding transmissions. The test piece 
may have a thickness of from about 1 mm to about 400 mm. 
for example. The transmission at either energy endpoint may 
be used. If the test piece is step shaped, the standard deviation 
is calculated for the TRs across each step. If the test piece is 
wedge shaped, the standard deviation is calculated for TRS 
through a particular thickness of a portion of the wedge. One 
or a few columns of data may be used for each thickness. This 
standard deviation is used during examination of an object to 
interpolate between measured transmissions, to calculate a 
threshold between calculated thresholds based on the test 
piece. Alternatively, the calculated threshold closest to the 
measured transmission may be used, but that may not be as 
precise. 
The TRS are calculated, Summed, and averaged, at each 

thickness. AS is known in the art, the probability that a mea 
Surement is a statistical variation of a measured quantity. Such 
as TR, is a function of the distance between the arithmetic 
mean of the distribution of the measurements and the mea 
Surement in question. This distance is measured in standard 
deviations. Such probabilities are expressed in tables and are 
well known in the art. For example, a measurement that is 
three standard deviations from the arithmetic mean of a plu 
rality of measurements has about a 0.0013 probability of 
being a statistical variation. This probability is the false alarm 
rate, which in this example is 13 in 10,000. Therefore, to 
reduce the probability that the TR is a statistical variation of 
the actual TR with a 0.0013 probability of being incorrect, in 
this example three standard deviations are selected for the 
calculation of the threshold, at each thickness. The value of 
standard deviations used may be an integer, in this example, 3. 
or it may be a non-integer, such as 2.5, for example. The same 
standard deviation is preferably used at each thickness. 
To achieve a different sensitivity and specificity, a different 

value of standard deviations may be subtracted from the aver 
age TR of the low atomic number material of the test piece, at 
each given that any given measurement of transmitted radia 
tion may be from an HANM or a non-HANM, the number of 
standard deviations to be subtracted from the TR of a low 
atomic number material is selected to achieve a desired bal 
ance between an acceptable number of false positives and 
false negatives. For example, Subtracting eight standard 
deviations from the TR of a low atomic number material 
would result in Zero (0) false positives but possibly an unac 
ceptable number of false negatives. As mentioned above, if a 
greater number of false positives may be tolerated, then it may 
not be necessary to take into consideration the standard devia 
tion. 

If the measurement at the higher energy endpoint is divided 
by the measurement at the lower energy endpoint, then the 
standard deviations are subtracted from the average TR of the 
test piece. If the measurement at the lower energy endpoint is 
divided by the measurement at the higher energy endpoint, 
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the value of standard deviations is added to the average TR of 
the test piece. The specific number of standard deviations will 
determine the sensitivity and specificity of the systems. 

FIG. 13 depicts an example of a method 1200 that may be 
implemented by a processor, Such as a computer, to calculate 
the thresholds. A test piece is scanned by the cargo scanning 
system with radiation having a first, high energy endpoint, 
such as 9 MeV, at a plurality of thicknesses, in Step 1210. The 
radiation transmitted through the test piece is detected for 
each pixel, also in Step 1210. Scanning may be conducted at 
5 MeV first, instead. 
The test piece is then scanned with a second radiation beam 

having a second energy endpoint less than the first energy 
endpoint, such as 5 MeV. and the radiation transmitted 
through the test piece at the plurality of thicknesses is 
detected for a plurality of pixels corresponding to the pixels of 
Step 1210, in Step 1220. The TRs for resultant pixels are 
calculated by dividing the transmitted radiation measured at 9 
MeV by the transmitted radiation measured at 5 MeV (or vice 
versa) for the corresponding pixels, in Step 1230. 
The standard deviation of the calculated TRS is deter 

mined, in Step 1240. Preferably, the standard deviation is 
calculated for the TRs at each thickness of the test piece for 
use in interpolating between calculated thresholds during 
actual measurements. Standard deviation may be calculated 
according to the following formula: 

W 

X (x, -y)? 
S = \l 

N - 1 

where X, is the measured attenuated radiation for a pixel i, x is 
the arithmetic mean (average) of the measured attenuated 
radiation for all the pixels, which is calculated according to 
the formula 

Wi S. 
N 

and N is the number of pixels. In this illustrative example, the 
standard deviation of the test measurements of transmitted 
radiation is calculated to be 0.2. Other statistical methods 
may be used with different distributions of the measured 
attenuated radiation. 
The average TRs of the TRs at each thickness are calcu 

lated, in Step 1250. The threshold is calculated at each thick 
ness in Step 1260. Preferably, the thresholds are calculated by 
adjusting the average TR at each thickness of the test piece by 
an integral or non-integral number of standard deviations, 
dependent upon the desired sensitivity and specificity, in Step 
1250. The calculated thresholds are stored, in Step 1270. 
Threshold sets for inorganic material and organic material 
may be stored in association with corresponding transmis 
sions and standard deviations for each thickness of the test 
piece in a database of thresholds, for example. 

Threshold Selection 

It is believed that a difference of at least about 1.5 standard 
deviations between the TR and the test criterion, such as a 
threshold, for example, may be used to reliably identify the 
potential presence of an HANM. The cumulative attenuation 
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of a radiation beam through a large amount of agricultural 
goods and a small HANM measuring 4.5 cmx4.5 cmx4.5 cm 
or less could result in TRs too close to the value of the iron 
based threshold to reliably identify the potential presence of 
the HANM. This can be a particular problem with an HANM 
with a very high atomic number, Such as a SNM and tungsten. 
For example, using a threshold based on the average TR of 
iron, which may be about 4.5, to differentiate a 4.5 cmx4.5 
cmx4.5 cm HANM, which may have a TR of about 2.5, 
embedded within a 2 meter cube of agricultural goods, which 
may have a TR of about 7, may be difficult due to the prox 
imity of the TRs and the discrimination of the system. 

Since an HANM typically has an atomic number that is 
further from the atomic number of typical agricultural goods 
than the atomic number of iron, it is easier to differentiate an 
HANM from agricultural goods than from iron with the 
required degree of Statistical accuracy. Use of an organic 
threshold with organic material will therefore provide greater 
sensitivity to HANM, including SNM, hidden among the 
organic material, than if an iron based threshold is used. 

Agricultural products and other types of organic materials 
Such as gels that are transported in a cargo conveyances. Such 
as cargo containers, typically comprise carbon (Z=6), nitro 
gen (Z=7), and oxygen (Z=8). Therefore, if it is known that a 
cargo conveyance contains agricultural products, the TR of 
agricultural products, or a material representative of agricul 
tural products, such as a plastic or water, may be used in 
determining the test criterion, instead of the TR of iron or 
other such materials, as discussed above. Lucite (R) or Delrin 
(R) are examples of plastics that may be used. In one example, 
a test piece of the plastic with varying thickness may be used, 
as discussed above, to develop a set of thresholds, for 
example. The calculated test criterion, such as at least one 
threshold, may also be stored in the database for use in the 
examination techniques discussed above. 

Sufficient information about the contents of the cargo con 
veyance to select a test criterion may be available through the 
customs manifest, for example. A typical manifest filed by the 
shipper or owner of the cargo conveyance declares the type of 
goods that are Supposed to be shipped in the cargo convey 
ance. Such as agricultural goods, manufactured goods, etc. 

FIG. 14a is an example of a method 1600 to select a test 
criterion, here a threshold, based on the type of contents 
declared in the manifest. The manifest is checked to deter 
mine if the cargo conveyance 104 contains manufactured 
goods, in Step 1605. As discussed above, manufactured mate 
rials typically comprise iron. If, according to the manifest, the 
cargo conveyance contains manufactured materials, then a 
threshold set based on iron is selected as the thresholds to be 
used in analyzing the contents of the cargo conveyance 104. 
as discussed above, for example, in Step 1610. A threshold set 
comprises a plurality of thresholds based on the same test 
piece material, for use at different measured transmissions. 
The threshold sets may be based on copper or nickel, instead. 
If the manifest does not indicate that the cargo conveyance 
contains manufactured goods, it is determined whether the 
manifest indicates that the cargo conveyance contains agri 
cultural goods, in Step 1615. If it does, then a threshold set 
representative of agricultural goods or organic material is 
selected for use in analyzing the contents of the cargo con 
veyance, in Step 1620. The method 1600 may be imple 
mented by an operator reviewing a manifest for the cargo 
conveyance being inspected. The operator may then input the 
thresholds, or threshold sets to be used in any or all of the tests 
described above, or other tests. A processor, Such as a com 
puter 2200, discussed below with respect to FIG. 16, may be 
configured to implement the method 1600, if the manifest has 
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been electronically entered, for example. The processor may 
be configured to implement the process by hardware and/or 
software. 

However, the manifest may be mistaken or incomplete. An 
incorrectly declared manifest may cause selection of a thresh 
old set that does not reflect the contents of the conveyance and 
is therefore less sensitive and/or less specific than desirable. 
This may result in a higher false alarm rate than desired, or 
missed detections. Nuisance alarms may also be increased if 
HANM that are not threats but are not properly identified on 
the manifest, are identified by the test procedure. 

In accordance with an embodiment of the invention, one or 
more material based thresholds or threshold sets to be used in 
evaluating an object, such as a cargo conveyance, are selected 
automatically by a processor. Such as the computer 2200 
discussed below with respect to FIG. 16, based on prelimi 
nary radiation scanning of the contents of the conveyance. An 
appropriate threshold set for inorganic materials may be 
based on iron, for example, whilean appropriate threshold set 
for organic material may be based on Lucite (R), Delrin (R), 
or water, for example, as discussed above. 
The preliminary radiation scanning may comprise dual 

energy scanning by two separate radiation beams having dif 
ferent peak energies or one radiation beam containing a spec 
trum of radiation energies, as discussed herein. The detected 
radiation may be analyzed by any or all of the methods 
described above or other methods, based on a preliminary test 
threshold set adapted to differentiate between inorganic mate 
rial and organic material. After selection of the test threshold 
set based on the preliminary scan and analysis, the data col 
lected during the preliminary scan may be analyzed again 
using the selected threshold set. Alternatively, the cargo con 
Veyance or a Suspect portion of the conveyance may be 
scanned again and the detected radiation analyzed with 
respect to the selected test threshold set. 

Since organic materials typically comprise carbon (Z=6), 
nitrogen (Z-7) and oxygen (Z=8), while inorganic materials 
transported in a cargo conveyance typically comprise manu 
factured products that predominantly comprise iron (Z-26), a 
preliminary threshold set based on a material having an 
atomic number between typical organic materials, such as 
oxygen (Z=8), and typical inorganic material. Such as iron 
(Z=26), may be used, for example. The preliminary threshold 
set may be based on aluminum (Z=13), for example. A pre 
liminary threshold set based on aluminum may be developed 
by use of an aluminum test piece, in the procedure described 
above and in FIG. 13, and stored. Other intermediate atomic 
number material may be used instead. Where the ratio com 
prises the higher energy divided by the lower energy, if the TR 
is less than the threshold, the conveyance contents, or con 
tents of the conveyance in a particular area of the conveyance, 
at least potentially comprises inorganic material. If the ratio is 
greater than the threshold, the conveyance contents at least 
potentially comprises organic material. 
The preliminary threshold set may also comprise high sen 

sitivity thresholds based on a material representative of inor 
ganic material. Such as a plastic Such as Dekin R or Lucite R, 
or water, for example. Thresholds having a sensitivity of at 
least about 80% may be used, for example. The thresholds 
may have a sensitivity of at least about 90%, such as about 
99%, for example. The specific sensitivity used may depend 
on the threat level and throughput of the port or other location 
conducting the test, for example. Threshold calculation based 
on a test piece is described above. 

FIG. 14b is an example of a method 1650 for examining 
contents of an object, such as a cargo conveyance, in accor 
dance with an embodiment of the invention. Dual energy 
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scanning of the conveyance is conducted and TRS are calcu 
lated, in Step 1652, as described above. The dual energy 
scanning may be conducted as described above with respect 
to Steps 801-805 of the method of FIG. 6a, for example. 
A preliminary test criterion, such as a preliminary thresh 

old set, is selected and each TR is compared to an appropriate 
threshold in the preliminary threshold set, in Step 1652, as 
described above with respect to Steps 805-820 of FIG. 6a, for 
example. The appropriate threshold within the selected pre 
liminary threshold set is determined based on the transmis 
sion at one of the radiation energy levels for that portion or 
pixel, as described above with respect to Step 808 of FIG. 6a. 

Based on the comparison of the respective TRs to each 
threshold, TRS are marked and grouped, and a function of 
each group is applied to preliminary test criterion, in Step 
1656, as described above in more detail with respect to the 
methods of FIGS. 8, 10, and/or 12, for example. A function of 
the groups, such as a number of TRS meeting the first test 
criterion in a group, sizes of groups, and/or average TR of the 
TRS in a group, for example is determined and criteria applied 
to the groups. The sizes of the groups may be larger (contain 
more TRS corresponding to more pixels) than in the methods 
described above. If the groups have different sizes than the 
size of the groups used in the HANM test, the groups may be 
evaluated based on different criteria than in the corresponding 
HANM test described above. These criteria may be deter 
mined based on the desired sensitivity and specificity by 
someone of ordinary skill in the art in accordance with the 
teachings of the present invention. 
Then it is determined whether the object at least potentially 

contains organic or inorganic material by the computer 2200 
or other such processor, in Step 1658, based on the applica 
tion of criteria to the groups in a similar manner to determin 
ing the presence of HANM in accordance with the methods of 
FIGS. 8, 10, and/or 12, for example. If less sensitivity/speci 
ficity is needed then grouping need not be applied. It may then 
be determined whether inorganic or organic material is 
present by comparing the number of TRs in the entire object 
or a portion of the object are below (or above, depending on 
how the ratio is calculated) the threshold to a predetermined 
number, for example. 
An appropriate test threshold set for either inorganic or 

organic material is then selected by the processor 2200 from 
among the threshold sets stored in a memory 2202, and the 
TRs calculated in Step 1652 are compared to the test thresh 
olds, in Step 1660. As mentioned above, in one example, the 
conveyance or portion of the conveyance may be rescanned, 
new TRs calculated, and the new TRS compared to the test 
threshold set. 
TRS are again grouped based on the comparison, in Step 

1662, as described above with respect to Step 1656. The 
group size may be smaller than that used in Step 1656, and 
different criteria (the criteria described above) may be applied 
to the groups. Appropriate group sizes are discussed above in 
Step 1662, as is described above with respect to Step 1656, to 
determine the at least potential presence of HANM, as 
described with respect to the methods of FIGS. 8, 10, and/or 
12, for example. 

It is then determined whether the contents of the object at 
least potentially include HANM based, at least in part, on the 
application of the criteria to the groups, as described above 
with respect to the methods of FIGS. 8, 10, and/or 12, or other 
methods. As above, if less sensitivity/specificity is accept 
able, then grouping need not be applied. It may then be 
determined whether HANM is at least potentially present by 
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comparing the number of TRs in the whole object or a portion 
of the object below (or above) the threshold to a predeter 
mined number, for example. 

Different test thresholds or threshold sets may be applied to 
different sections of the same conveyance if their contents are 
found to differ in the preliminary tests of Steps 1652-1658. 
For example, if one or more sections of the cargo conveyance 
is found to at least potentially comprise inorganic material, 
and the remainder is found to at least potentially comprise 
organic material (or Vice-a-Versa), then an inorganic based 
threshold may be used on the inorganic portion and an organic 
based threshold may be used on the organic portion. Each 
section may comprise at least about 10% of the cargo con 
veyance, for example. The section may be about 25% or about 
50% of the cargo conveyance, for example. 

In another embodiment, the tests described above are run 
by the computer 2200 or another such processor with a high 
sensitivity preliminary threshold set for either inorganic or 
organic material. The high sensitivity threshold set comprises 
thresholds chosen to maximize sensitivity at the expense of 
specificity, giving greater confidence of identifying the pres 
ence of HANM, but also allowing more false positives. In one 
example, a high sensitivity threshold is a threshold having a 
sensitivity of at least 80%, calculated without regard to speci 
ficity. In another example, the sensitivity is at least about 
90%. It may be about 99%, for example. The specific sensi 
tivity used may depend on the threat level and throughput of 
the port or other location conducting the test, for example. 
Threshold calculation based on a test piece is described in 
detail, above. 

In one example, the preliminary test is conducted with 
either a high sensitivity organic or inorganic threshold set, 
based on the manifest, for example. In another example, a 
default high sensitivity threshold is either an inorganic based 
threshold, or an organic based threshold, regardless of the 
manifest. In this second example, one or the other threshold 
set may be selected based on the type of material usually 
handled by a facility, for example. The threshold set may be 
calculated to have sufficient sensitivity to identify the at least 
potential presence of HANM regardless of the background, 
by selection of an appropriate number of standard deviations. 
One of ordinary skill in the art could calculate such thresholds 
based on the test pieces and the desired sensitivity level, as 
described in more detail above. With such a threshold set, if 
no HANM is at least potentially identified by the tests above 
with the high sensitivity threshold set, then no further exami 
nation of the conveyance is required. 

If HANM is at least potentially identified, further analysis 
is required to eliminate false positives. A false positive may be 
due to the effect of background material on detected radia 
tion. In one example, the material type of the background 
material is determined and if the high sensitivity threshold set 
was based on the same material type, then the use of the high 
sensitivity threshold would be sufficient to identify the poten 
tial presence of HANM with a low false positive rate. If the 
background material type does not match the threshold mate 
rial type, then, in one example, a more specific threshold set 
for the background material type is selected and used in the 
dual energy analysis of the data. A more specific threshold set 
may be developed by one of ordinary skill in the art in accor 
dance with the teachings of the present application, based on 
the desired sensitivity at the port or other location of interest 
conducting the test, including the threat level and throughput 
of the location, for example. A specificity of at least about 
80%, such as at least about 90%, at least about 99%, or at least 
about 99.9%, for example, may be provided. A specificity of 
about 99% (allowing about 1% false positives) may be pro 
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vided using 2.7 standard deviations, while a specificity of 
about 90% (allowing about 10% false positives) may be pro 
vided using 1.7 standard deviations, for example. 

In another example, to eliminate false positives after iden 
tifying potential HANM with the high sensitivity threshold 
set, the detected radiation is normalized for the background, 
as discussed above, by Subtracting the average background 
transmission at each energy endpoint from the pixel values at 
each corresponding energy endpoint. The TRS are then cal 
culated again, with the background attenuation removed. 
Dual energy analysis is conducted again with a high specific 
ity threshold set of the same material type as the first threshold 
set. For example, if the high sensitivity threshold set is based 
on iron, the high specificity threshold set may also be based 
on iron. 
The background material (the material around the Sus 

pected HANM) in the conveyance is analyzed to determine 
whether it is inorganic or organic material, in a similar man 
ner as the contents of the conveyance is analyzed to determine 
the material content type as organic or inorganic, as above. 
The boundaries of the potential HANM are first identified, as 
discussed above with respect to FIG. 6b. The TRs of the pixels 
outside of the boundaries of the potential HANM may then be 
compared to a preliminary test threshold based on a material 
having an atomic number between organic and common inor 
ganic materials, such as aluminum (Z=13), for example. Pix 
els are marked and marked pixels are grouped, as discussed 
above with respect to FIGS. 8, 10, 12, and 14b. The groups are 
compared to criteria. Based on the comparison, it is deter 
mined whether the background is likely to be organic or 
inorganic material, as described above with respect to FIG. 
14b, Step 1658. 
The calculated TRs may then be normalized with respect to 

the background by dividing the detected radiation by the 
average radiation of the background, for each portion or pixel 
at each detected energy, as described above with respect to 
FIG. 6b, for example. 

FIG. 14c is an example of a method 1666 for examining 
contents of conveyance, in accordance with this embodiment. 
Dual energy scanning is conducted and TRS calculated, as 
described herein, in Step 1670. A dual energy analysis of the 
calculated TRs is conducted with a selected high sensitivity 
threshold set for either inorganic or organic material, in Step 
1672, wherein the calculated TRs are compared to the appro 
priate threshold in the threshold set, based on the transmission 
at one of the energies. 
As discussed above, the high sensitivity threshold set used 

with a particular cargo conveyance may be selected based on 
the manifest. It may also be based on the type of materials 
usually handled by a facility. Or a default material type may 
be used for all cargo conveyances. TRS are grouped based on 
the comparisons, and preliminary test criteria are applied to 
functions of the groups, as in Steps 1654 and 1656 of FIG. 
14b, and FIGS. 8, 10, and/or 12. The at least potential pres 
ence of HANM is then determined based on the application of 
the test criteria to functions of the groups, in Step 1674, as 
described above with respect to Step 1664 of FIG. 14b, and 
FIGS. 8, 10, and/or 12. The groups Step 1656 and in Step 
1664 need not be the same. 

If no potential HANM is identified based on the high sen 
sitivity threshold, then the conveyance is passed and can 
continue in the stream of commerce, in Step 1676. 

If HANM is found to be potentially present, then the back 
ground of the potential HANM is analyzed in Step 1678 to 
determine whether the background matches the background 
type of the threshold set used in Step 1672. As described 
above, the dual energy analysis may be applied to the area 
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around the potential HANM, with a preliminary threshold 
between organic and inorganic materials, as described above. 

If it is determined that the background material matches the 
material type of the threshold set, in Step 1680, then the 
potential presence of HANM is confirmed, in Step 1682, and 
the conveyance is removed from the steam of commerce and 
handled appropriately, as described herein. 

If the background material does not match the material 
type of the threshold set, then the determination that HANM 
is potentially present may be a false positive. Dual energy 
analysis is therefore conducted with a more specific threshold 
set that matches the type of background material, in Step 
1684. The TRs are compared to the appropriate threshold, the 
marked TRS are grouped, and criteria applied to the groups, as 
discussed above. 

If HANM is not found to be potentially present, in Step 
1686, then the conveyance is passed, in Step 1676. If HANM 
is again found to be present, in Step 1686, then the potential 
presence of HANM is confirmed, in Step 1682, and the con 
Veyance is appropriately processed. 
As above, if less specificity is needed, then grouping need 

not be applied. It may then be determined whether inorganic 
or organic material is present, and/or HANM is at least poten 
tially present, by comparing the number of TRs in the object 
or a portion of the object below (or above) the threshold to a 
predetermined number, for example. 

FIG. 14d is another example of a process 1683 in accor 
dance with this embodiment. Steps 1684-1690 of FIG. 14d 
are the same as Steps 1670-1680 of 14c. If it is determined 
that the background material type does not match the material 
type of the high sensitivity threshold set, in Step 1690 in FIG. 
14d, the average background transmission through the back 
ground region is determined for each energy endpoint and the 
transmissions through the potential HANM at each energy 
endpoint are normalized based on the average background 
transmission, in Step 1689, as described in FIG. 6b. The dual 
energy analysis is conducted again in Step 1690 with a high 
specificity threshold set. The TRs of the potential HANM are 
calculated again, the TRS are compared to the thresholds in 
the high specificity threshold set, the appropriate TRs are 
grouped, and criteria are applied to the groups, as described in 
FIGS. 6a, 8, 10, and/or 12. 
The high specificity threshold set used in Step 1690 may be 

based on the same material type as the high sensitivity thresh 
old set used in Step 1685, such as iron, for example. After 
background normalization, SNM and other suspect HANM 
can be readily identified with an iron or other Such inorganic 
threshold, regardless of the background effects of the material 
since the background has been removed. If HANM is at least 
potentially identified again, then SNM may be present and the 
cargo conveyance is subject to further analysis. If HANM is 
not potentially identified, the cargo conveyance is passed. 
As above, if less sensitivity is needed, then grouping need 

not be applied. It may then be determined whether inorganic 
or organic material is present, and/or HANM is at least poten 
tially present, by comparing the number of TRs below (or 
above) the threshold to a predetermined number, for example. 

Scanning Systems 

FIG. 15 is a front view of an example of cargo scanning 
system 2000 programmed to implement embodiments of the 
invention. A conveyor System 2020 Supports and conveys a 
cargo conveyance 2040 through the scanning system 100, 
between an X-ray source 2060 and a detector 2070. The 
conveyor system 2020 may be a mechanically driven con 
veyor belt, a track or mechanically driven rollers, for 
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example. The X-ray source 2060 directs a radiation beam Rof 
Bremsstrahlung X-ray radiation towards the cargo convey 
ance 2040. Shielding walls 2080 surround the source 2060 
and the detector 2070. The conveyor system 2020 extends 
through openings in the shielding walls 2080 to allow for the 
entry and exit of the cargo conveyance 2040. 
The cargo conveyance 2040 is conveyed by the conveyor 

system 2020 through a shielded tunnel 2100. The tunnel 2100 
has a first window 2110 and a second window 2120 to allow 
for the passage of the X-ray radiation beam R from the X-ray 
source 2060 to the cargo conveyance 2040 and from the cargo 
conveyance 2040 to the detector array 2070. If the radiation 
beam R intercepts the conveyor system 2040 and the con 
veyor system 2020 is a belt or track, a material that causes low 
attenuation of radiation may be used for the belt or track. If the 
conveyor system 2020 comprises rollers, a gap may be pro 
vided among the plurality of rollers, where necessary. A win 
dow may also be provided in the structure Supporting the 
conveyor system 2020, if necessary. Collimators (not shown) 
may be provided between the cargo conveyance 2040 and the 
detector 2070 to block scattered radiation from reaching the 
detector. The conveyor system 2020 may be reversed to 
examine a portion of the cargo conveyance 2040 or the entire 
cargo conveyance again. As discussed further below, the 
cargo conveyance 2040 may be irradiated with multiple ener 
gies by rapidly cycling the source 2060 between two energy 
endpoints as the cargo conveyance 104 is being conveyed 
through the scanning unit 2000 or by providing two adjacent 
Sources, for example. 
A collimator 2140 extends from the end of the X-ray source 

2060. The collimator 2140 includes a slot (not shown) shaped 
to collimate the X-ray beam emitted by the X-ray source 2060 
into a desired shape. Such as into a fan beam or a cone beam. 
The slot may have a vertical arc ranging from less than 1 
degree to about 50 degrees to define a vertical fan beam 
having an arc 0 and ranging from about 5 degrees to about 45 
degrees to define a cone beam, for example. The slot may have 
other shapes, as well. 
The detector 2070 is electrically coupled to an image pro 

cessor 2160, which is coupled to a display 2180. The image 
processor 2160 comprises analog-to-digital conversion and 
digital processing components, as is known in the art. A 
processor, Such as a computer 2200, is electrically coupled to 
and controls the operation of one or more of the X-ray source 
2060, the detector array 2040, the conveyor system 2020, the 
image processor 2160, and the display 2180. Connections 
between the processor 122 and all the components are not 
shown, to simplify the Figure. The processor 2200 may be 
programmed to implement any or all of the tests described 
above. The processor 2200 may provide some or all of the 
processing functions of the image processor 2160. While one 
processor 2200 is shown, additional processors or computers 
may be provided, as well. The image processor 2160, the 
computer 2200 and the display 2180 may be arranged and 
connected differently. The image processor 2160 may be part 
of the computer, for example. The computer may be pro 
grammed in Software and/or hardware to conduct any or all of 
the tests described above. In one example, the programs may 
be implemented through an Application Specific Integrated 
Circuit (ASIC) for example. 
The detector 2070 may be a detector array. The configura 

tion of the detector 2070 may depend on the shape of the 
collimated radiation beam R. For example, if the radiation 
beam R is collimated into a fan beam, a one-dimensional 
detector array 2040 may be provided, comprising a single row 
of detector elements. If the collimated radiation beam is a 
cone beam, Such as an asymmetric pyramidal cone beam, the 
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detector array may be a two dimensional detector array 2040 
comprising two or more adjacent rows of detector elements. 
The detector array 2040 may comprise a plurality of modules 
of detectors, each comprising one or more rows of detector 
elements Supported in a housing, as is known in the art. The 
detector or detector array may be straight or L-shaped. If an 
L-shaped detector is used in FIG. 15, the source 2060 may be 
positioned at a lower vertical position, the radiation beam R 
would intercept more of the horizontal arm 2070a and the 
vertical portion 2070b of the detector 2070 may be shorter. 

The detector 2070 may be a photon detector, such as a 
photodiode detector array comprising inorganic Scintillators, 
as is known in the art. Cadmium tungstate (CdWO) scintil 
lators may be used, for example. Amorphous silicon (aSi) 
detectors, such as PaxScanTM detectors available from Varian 
Medical Systems, Inc., Palo Alto, Calif., may also be used. 

Neutron detectors 2072, 2074, 2076, and 2078 are prefer 
ably positioned at multiple locations around the cargo con 
tainer to detect the neutrons, which are emitted isotropically 
in all directions. The neutron detector 2072 may be supported 
by the source, for example. The neutron detector 2074 may be 
supported by the detector 2070. The neutron detector 2076 
may be supported by the upperportion of the detector 2070 or 
by a vertical arm of an L-shaped detector (see 2076a). The 
neutron detector 2078 may be supported by the conveyor 
system 2020 or some other part of the scanning system, below 
the cargo conveyance 2040. 

The neutron detectors 2072-2078 may be cylindrical pro 
portional counters filled with He. They may have useful 
lengths of approximately 15-25 cm for use with cargo con 
Veyances 2040, for example. In one example, the counters are 
covered with cadmium (Cd) and polyethylene layers. The 
layer of cadmium is used to absorb thermal neutrons which 
are “slow' neutrons. Fast neutrons are thermalized in the 
polyethylenelayer before being detected in the He detectors. 
Only the delayed neutrons are therefore detected in the He 
detectors. Suitable neutron detectors are commercially avail 
able from Canberra Industries, Meriden, Conn., for example. 

FIG. 17 is a top view of a portion of an example of a cargo 
scanning system 2000a, showing two, adjacent radiation 
sources 2060a, 2060b, each to generate radiation having a 
different energy endpoint. Elements common to the system 
2000 of FIG. 16 are commonly numbered. The conveyor 
system 2020 Supports and conveys a cargo conveyance 2040 
through the scanning system 2000a, between the first X-ray 
source 2060a and a first detector 2070a, and between the 
second X-ray source 2060b and a second detector 2070b. The 
X-ray sources 2060a and 2060b direct radiation beams R1, 
R2 towards the cargo conveyance 2040. The X-ray source 
2060a may generate a first radiation beam R1 with a first 
X-ray energy endpoint of 5 MeV. for example, and the X-ray 
source 2060b may generate a second radiation beam R2 with 
a second energy endpoint of 9 MeV. for example, or vice 
versa. The X-ray sources 2060a and 2060b are positioned at 
the same angle with respect to the cargo conveyance 2040 and 
on the same horizontal plane. They may be immediately 
adjacent to or may be situated apart from each other. They 
may also be positioned one above the other. It is believed that 
in a system with two sources, a 40-foot container may be 
examined in about 30 to 60 seconds. 

To examine cargo conveyances 2040 having a width 
greater than about 5 feet (1.5 meters), the X-ray sources 
2060a, 2060b preferably generate radiation having energy 
endpoints greater than about 1 MeV. 5 MeV and 9 MeV may 
be used, for example, as discussed above. Other examples of 
energy endpoints for cargo conveyances having a width 
greater than about 5 feet (1.5 meters) include 1 MeV and 9 
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MeV, and 5 MeV and 15 MeV. for example. In order to 
conduct the neutrontest, one of the energy endpoints needs to 
be at least 5.8 MeV. The X-ray source may be a linear accel 
erator, such as a Linatron(R) Linear Accelerator ("Lina 
tron(R), having an accelerating potential at an appropriate 
level or levels, available from Varian Medical Systems, Inc., 
Palo Alto, Calif. (“Varian'), for example. In the Varian Lina 
tron(R), 360 pulses are output per second. The Varian Lina 
tron(R) has an opening angle of about 20-30 degrees, for 
example. Other X-ray sources may be used as well. Such as 
electrostatic accelerators, microtrons and betatrons, for 
example. The source or sources may also include carbon-12 
(C-12), cobalt-60 (Co-60), plutonium-beryllium (Pu Be), 
and/or americium-beryllium (Am Be) based sources. In 
examining objects having a width less than about 5 feet (1.5 
meters), X-ray tubes emitting energy in the keV range may 
also be used. One energy below 1 MeV and one above 1 MeV 
may be used for such smaller objects. For example, 600 keV 
and 5 MeV may be used. Both energies may also be below 1 
MeV. For example, 120 keV and 200 keV may be used, as 
long as the radiation will penetrate through the object being 
examined. 
A single X-ray beam having a single energy endpoint may 

also be used, with a single energy sensitive detector array to 
separately detect high and low portions of the energy spec 
trum, as described in U.S. Pat. Nos. 5,682,411 and 6,438,201 
B1, for example, which are incorporated by reference, herein. 
As described in these patents, different portions of the detec 
tor array, such as alternate lines, may be more sensitive to 
radiation of one or the other energy. 
A single radiation Source that Switches between energy 

endpoints may also be used. The radiation source may be an 
interlaced multi-energy radiation Source capable of generat 
ing radiation beams at two or more energies in the megavolt 
age range, such as the Varian Linatron(R) MTM series X-ray 
sources. An example of the Linatron(R) MTM radiation source 
is described in U.S. patent application Ser. No. 12/228,350, 
which was filed on Aug. 12, 2008 and is incorporated by 
reference herein. Another example of an interlaced multi 
energy source is the Varian Linatron(R) K-9, which is 
described in U.S. patent application Ser. No. 12/313,752, 
which was filed on Nov. 24, 2008 and is incorporated by 
reference herein. 

Other radiation sources that may be configured to switch 
between different peak energies are described in the 188 
patent, which is incorporated by reference herein. 

Additional X-ray scanning and/or analysis techniques may 
be used in conjunction with the tests described herein. For 
example, in the 188 patent and in U.S. Pat. No. 7,423,273, 
which are assigned to the assignee of the present invention 
and are incorporated by reference herein, the detection of 
delayed neutrons is used to determine whether nuclear mate 
rial is actually present, after at least potentially determining 
that HANM is present. 

While the scanning system 2000 described above moves 
the cargo conveyance through the system on a conveyor belt, 
track, or mechanically driven rollers, for example, the cargo 
conveyance may also be part of or Supported by a truck. U.S. 
Pat. Nos. 7,397,891, and 6,937,692, which areassigned to the 
assignee of the present invention and are incorporated by 
reference herein, describe a mobile system for real-time 
inspection of cargo conveyances carried by trucks and tractor 
trailers. 

While the invention is particularly suited for scanning 
cargo conveyances for contraband, the invention may be 
readily adapted to Scan other objects, such as luggage and 
carry-on bags in airports and seaports. In addition, while an 
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X-ray Source or sources are described in the examples above, 
the source or sources may provide other types of radiation, 
Such as a time delayed neutron beam or gamma rays, for 
example. 

In the examples above, the transmission of the higher 
energy radiation (9 MeV. for example) through the cargo 
conveyance is divided by the transmission of the lower energy 
radiation (5 MeV. for example) through the cargo conveyance 
to yield the TR and the test criterion for a potential HANM is 
that the TR is less than the threshold. However, as mentioned 
above, the transmission at the lower energy radiation may be 
divided by the transmission at the higher energy radiation, in 
which case a TR above the threshold would be considered to 
be a potential HANM, in all the examples, above. In addition, 
TRS may be calculated based on radiation attenuation instead 
of radiation transmission at the two energy endpoints. 
One of ordinary skill in the art will recognize that other 

changes may be made to the embodiments described herein 
without departing from the spirit and scope of the invention, 
which is defined by the claims, below. 

What is claimed is: 
1. A method of examining contents of an object, the method 

comprising: 
Scanning the object with at least one radiation energy; 
detecting the radiation after interaction with the object; 
determining whether the contents of the object comprise 

organic or inorganic material based, at least in part, on 
the detected radiation and at least one preliminary test 
criterion adapted to differentiate between inorganic 
material and organic material; 

Selecting at least one organic based test criterion or at least 
one inorganic based test criterion based, at least in part, 
on the determination; and 

determining whether the object at least potentially contains 
high atomic number material having an atomic number 
greater than a predetermined atomic number based, at 
least in part, on the detected radiation and the at least one 
selected test criterion. 

2. The method of claim 1, wherein the at least one prelimi 
nary test criterion comprises at least one high sensitivity test 
criterion representative of organic material, or the at least one 
preliminary test criterion is based, at least in part, on a mate 
rial having an atomic number less than the atomic number of 
iron and greater than the atomic number of oxygen. 

3. The method of claim 1, further comprising: 
detecting radiation at two different energies after interac 

tion with a portion of the object; 
calculating a first function of the detected radiation at the 
two different radiation energies, for the portion; 

comparing the first function to the at least one preliminary 
test criterion; and 

determining whether the contents of the object comprise 
organic or inorganic material based, at least in part, on 
the first function and the comparison. 

4. The method of claim 3, further comprising: 
calculating a plurality of first functions for a respective 

plurality of portions; 
comparing respective first functions to the at least one 

preliminary test criterion; 
grouping the first functions into at least one group; 
calculating at least one second function for each of the at 

least one groups based, at least in part, on the first func 
tions in the at least one group meeting the at least one 
preliminary test criterion; and 
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determining whether the object at least potentially contains 

inorganic material or organic material based, at least in 
part, on the at least one second function of the at least one 
group. 

5. The method of claim 4, whereindetermining whether the 
object at least potentially contains high atomic number mate 
rial having an atomic number greater than a predetermined 
atomic number comprises: 

calculating at least one third function of the detected radia 
tion at the two different radiation energies for at least a 
portion of the object; 

comparing the at least one third function to the at least one 
Selected test criterion; and 

determining whether the object at least potentially contains 
high atomic number material based, at least in part, on 
the comparison. 

6. The method of claim 5, wherein the calculated at least 
one third function is the same as the calculated at least one 
first function, the method comprising: 

comparing the calculated at least one first function to the 
selected test criterion. 

7. The method of claim 5, whereindetermining whether the 
object at least potentially contains high atomic number mate 
rial further comprises: 

calculating a plurality of third functions; 
grouping the plurality of third functions into at least one 

Second group; 
calculating at least one fourth function based, at least in 

part, on the third functions in the at least one group 
meeting the at least one selected test criterion; and 

determining whether the object at least potentially contains 
high atomic number material based, at least in part, on 
the at least one fourth function. 

8. The method of claim 7, wherein the at least one first 
group of first functions and the at least one second group of 
third functions are the same size. 

9. The method of claim 7, wherein: 
selecting at least one organic based test criterion comprises 

Selecting an organic based test criterion set comprising a 
plurality of first test criteria, and 

selecting at least one inorganic based test criterion com 
prises selecting an inorganic based test criterion set com 
prising a plurality of second test criteria. 

10. The method of claim 1, comprising: 
detecting radiation at two different energies after interac 

tion with a portion of the object; 
calculating at least one first function of the detected radia 

tion at the two different energies; 
comparing the at least one first function to the at least one 

Selected test criterion; and 
determining whether the object at least potentially contains 

high atomic number material based, at least in part, on 
the comparison. 

11. The method of claim 10, wherein determining whether 
the object at least potentially contains high atomic number 
material further comprises: 

calculating a plurality of first functions; 
grouping first functions into at least one group; 
calculating at least one second function based, at least in 

part, on the first functions in at least one respective group 
meeting the at least one selected test criterion; and 

determining whether the object at least potentially contains 
high atomic number material based, at least in part, on 
the at least one second function; 
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the method further comprising: 
calculating a plurality of first functions at the two different 

radiation energies for a respective plurality of portions; 
and 

comparing the first functions to the selected test criterion 
comprises: 

for each first function, selecting one of the plurality of test 
criteria based, at least in part, on the radiation detected at 
at least one of the radiation energies; and 

comparing each first function to the respective selected test 
criterion. 

12. The method of claim 1, comprising: 
determining whether the object at least potentially contains 

high atomic number material having an atomic number 
greater than the predetermined atomic number based, at 
least in part, on the detected radiation and at least one 
high sensitivity test criterion of a first type based, at least 
in part, on a first predetermined atomic number repre 
sentative of inorganic material, or at least one high sen 
sitivity test criterion of a second type based, at least in 
part, on a second predetermined atomic number repre 
sentative of organic material. 

13. The method of claim 1, further comprising: 
classifying a type of background material proximate the at 

least potential high atomic number material as either 
inorganic material or organic material based, at least in 
part, on the detected radiation; and 

if the type of test criterion matches the type of background 
material, confirming that the object at least potentially 
contains high atomic number material. 

14. The method of claim 13, further comprising: 
if the type of test criterion and the type of the background 

material do not match, the processor is further config 
ured to: 

normalize the radiation detected through the at least poten 
tial high atomic number material for the presence of the 
background material; 

Select at least one second test criterion of the same type as 
the at least one first test criterion, the at least one second 
test criterion having greater specificity to high atomic 
number material than the at least one first test criterion; 
and 

confirm that the object at least potentially contains high 
atomic number material based, at least in part, on the 
normalized detected radiation and the at least one sec 
ond test criterion. 

15. A method of examining contents of an object compris 
ing: 

Scanning an object with at least one radiation beam; 
detecting the radiation after interaction with the object; 
determining whether the object at least potentially contains 

high atomic number material having an atomic number 
greater than the predetermined atomic number based, at 
least in part, on the detected radiation and at least one 
high sensitivity test criterion of a first type based, at least 
in part, on a first predetermined atomic number repre 
sentative of inorganic material, or at least one high sen 
sitivity test criterion of a second type based, at least in 
part, on a second predetermined atomic number repre 
sentative of organic material; 

classifying a type of background material proximate the at 
least potential high atomic number material as either 
inorganic material or organic material based, at least in 
part, on the detected radiation; and 

if the type of test criterion matches the type of background 
material, confirming that the object at least potentially 
comprises high atomic number material. 
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16. The method of claim 15, wherein, if the type of test 

criterion and the type of the background material do not 
match, the method further comprises: 

normalizing the radiation detected through the at least 
potential high atomic number material for the presence 
of the background material; 

selecting at least one second test criterion of the same type 
as the at least one first test criterion, the at least one 
second test criterion having greater specificity to high 
atomic number material than the at least one first test 
criterion; and 

confirming that the object at least potentially contains high 
atomic number material based, at least in part, on the 
normalized detected radiation and the at least one sec 
ond test criterion. 

17. The method of claim 15, wherein, if the type of test 
criterion and the type of background material do not match, 
the method further comprises: 

selecting at least one second, high sensitivity test criterion 
of a type matching the type of the background material; 
and 

confirming that the object at least potentially comprises 
high atomic number material based, at least in part, on 
the detected radiation and the second test criterion. 

18. The method of claim 15, comprising classifying the 
type of background material based, at least in part, on the 
detected radiation and at least one preliminary test criterion 
adapted to differentiate between inorganic material and 
organic material. 

19. The method of claim 18, wherein the at least one 
preliminary test criterion is based, at least in part, on a mate 
rial having an atomic number less than the atomic number of 
iron and greater than the atomic number of oxygen, or the 
preliminary test criterion is a high sensitivity preliminary test 
criterion based, at least in part, on a material representative of 
organic material. 

20. The method of claim 15, wherein the at least one high 
sensitivity threshold of the first type and the at least one high 
sensitivity threshold of the second type each have a sensitivity 
of at least 80%. 

21. A system for examining contents of an object, the 
system comprising: 

at least one radiation source to scan an object with at least 
one radiation energy; 

at least one detector to detect radiation after interaction 
with the object, at the at least one radiation energy; and 

a processor configured to: 
determine whether the contents of the object comprise 

organic or inorganic material; 
select at least one test criterion based, at least in part, on 

whether the contents of the object comprises organic or 
inorganic material; and 

determine whether the contents of the object at least poten 
tially contains high atomic number material having an 
atomic number greater than a predetermined atomic 
number based, at least in part, on the detected radiation 
and the at least one selected test criterion. 

22. The system of claim 19, wherein the processor is con 
figured to: 

determine whether the contents of the object comprise 
organic or inorganic material based, at least in part, on 
the detected radiation and at least one preliminary test 
criterion different than the at least one selected test cri 
terion, the at least one preliminary test criterion being 
adapted to distinguish between inorganic and organic 
material. 
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23. The system of claim 22, wherein the processor is con 
figured to: 

determine whether the contents of the object comprise 
organic or inorganic material by: 

calculating at least one first function of the detected radia 
tion at the two different radiation energies, for at least 
one respective portion; 

compare each of the at least one first functions to the at least 
one preliminary test criterion; and 

determine whether the contents of the object comprise 
organic or inorganic material based, at least in part, on 
the first function and the comparison. 

24. The system of claim 23, wherein the at least one pre 
liminary test criterion comprises a preliminary test criterion 
set comprising a plurality of preliminary test criteria, and the 
processor is configured to determine whether the object com 
prises organic or inorganic material by: 

calculating a plurality of first functions for a respective 
plurality of portions; 

comparing respective first functions to the at least one 
preliminary test criterion; 

grouping the first functions into at least one group; 
calculating at least one second function for each of the at 

least one groups based, at least in part, on the first func 
tions in the at least one group meeting the at least one 
preliminary test criterion; and 

determining whether the contents of the object contains 
inorganic material or organic material based, at least in 
part, on the second function of the at least one group. 

25. The system of claim 22, wherein the processor is con 
figured to: 

determine whether the object at least potentially contains 
high atomic number material having an atomic number 
greater than the predetermined atomic number based, at 
least in part, on the detected radiation and at least one 
high sensitivity test criterion of a first type based, at least 
in part, on a first predetermined atomic number repre 
sentative of inorganic material, or at least one high sen 
sitivity test criterion of a second type based, at least in 
part, on a second predetermined atomic number repre 
sentative of organic material; 

classify a type of background material proximate the at 
least potential high atomic number material as either 
inorganic material or organic material based, at least in 
part, on the detected radiation; and 

if the type of test criterion matches the type of background 
material, confirm that the object at least potentially con 
tains high atomic number material. 

26. The system of claim 25, wherein, if the type of test 
criterion and the type of the background material do not 
match, the processor is further configured to: 

normalize the radiation detected through the at least poten 
tial high atomic number material for the presence of the 
background material; 

Select at least one second test criterion of the same type as 
the at least one first test criterion, the at least one second 
test criterion having greater specificity to high atomic 
number material than the at least one first test criterion; 
and 

confirm that the object at least potentially contains high 
atomic number material based, at least in part, on the 
normalized detected radiation and the at least one sec 
ond test criterion. 

27. The system of claim 25, wherein, if the type of test 
criterion does not match the type of background material, the 
processor is further configured to: 

Select at least one second, high sensitivity test criterion of 
a type matching the type of the background material; and 
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confirm that the object at least potentially contains high 

atomic number material based, at least in part, on the 
detected radiation and the second test criterion. 

28. A system for examining contents of an object, the 
system comprising: 

at least one radiation source to scan an object with at least 
one radiation beam; 

at least one detector to detect radiation after interaction 
with the object; 

a processor configured to: 
determine whether the object at least potentially contains 

high atomic number material having an atomic number 
greater than the predetermined atomic number based, at 
least in part, on the detected radiation and at least one 
high sensitivity test criterion of a first type based, at least 
in part, on a first predetermined atomic number repre 
sentative of inorganic material, or at least one high sen 
sitivity test criterion of a second type based, at least in 
part, on a second predetermined atomic number repre 
sentative of organic material; 

classify a type of background material proximate the at 
least potential high atomic number material as either 
inorganic material or organic material based, at least in 
part, on the detected radiation; and 

if the type of test criterion matches the type of background 
material, confirm that the object at least potentially com 
prises high atomic number material. 

29. The system of claim 28, wherein, if the type of test 
criterion and the type of the background material do not 
match, the processor is further configured to: 

normalize the radiation detected through the at least poten 
tial high atomic number material for the presence of the 
background material; 

select at least one second test criterion of the same type as 
the at least one first test criterion, the at least one second 
test criterion having greater specificity to high atomic 
number material than the at least one first test criterion; 
and 

confirm that the object at least potentially contains high 
atomic number material based, at least in part, on the 
normalized detected radiation and the at least one sec 
ond test criterion. 

30. The system of claim 28, wherein, if the type of test 
criterion and the type of background material do not match, 
the processor is configured to: 

select at least one second, high sensitivity test criterion of 
a type matching the type of the background material; and 

confirm that the object at least potentially comprises high 
atomic number material based, at least in part, on the 
detected radiation and the second test criterion. 

31. The system of claim 28, wherein the processor is con 
figured to: 

classify the type of background material based, at least in 
part, on the detected radiation and at least one prelimi 
nary test criterion adapted to differentiate between inor 
ganic material and organic material. 

32. The system of claim 28, wherein the at least one pre 
liminary test criterion is based, at least in part, on a material 
having an atomic number less than the atomic number of iron 
and greater than the atomic number of oxygen, or the prelimi 
nary test criterion is a high sensitivity preliminary test crite 
rion based, at least in part, on a material representative of 
organic material. 

33. The system of claim 28, wherein the at least one high 
sensitivity threshold of the first type and the at least one high 
sensitivity threshold of the second type each have a sensitivity 
of at least 80%. 


